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ABSTRACT 
Hearing is vital for speech communication and evaluation of the environment. Damage to this 
sense harms both physical and social health; poor learning outcomes can also arise. Noise is a well-
known exposure that can result in hearing loss (HL), but other environmental exposures in 
combination with noise may also impact HL. Previous studies have suggested that exposures to 
toxic metals are associated with HL, while essential elements show protective benefits. This 
dissertation used three studies to explore the relationship between metal exposures and HL, and 
accounted for exposure mixtures and protective elements.  
First, a controlled laboratory experiment treated mice with lead (Pb) and cadmium (Cd), both alone 
and in tandem, in drinking water for twelve weeks. Auditory outcomes were measured following 
treatment with chemical toxicants in addition to the physical agent, noise. Dosing with Pb and Cd 
reached relevant occupational exposure levels: mean blood levels were 60.1 μg/dL for Pb and 27.2 
μg/L for Cd. Animals displayed mean threshold shifts of 42 dB at 32 kHz following noise 
exposures of 105 dB. However, threshold shifts were not significantly different from controls after 
treatment with Pb or Cd alone. Combinations of exposures to Pb and noise, Cd and noise, as well 
as all three toxicants together did not cause threshold shifts significantly different than noise alone. 
This adult CBA/CaJ mouse model demonstrated a lack of ototoxicity due to Pb and Cd exposure.  
Second, a case-control study of newborn infants born between 2003 and 2015 investigated auditory 
impacts associated with blood levels of Pb and methylmercury (MeHg). Cases with abnormal 
hearing screenings were matched to controls with normal hearing screenings. Dried blood spots 
collected after birth were analyzed for MeHg and Pb, in addition to the essential elements calcium, 
copper, iron, potassium, selenium, and zinc. Conditional logistic regression models of exposure 
quartiles showed a significant trend (p=0.03) with increasing levels of dried blood MeHg 
increasing the odds of a hearing screening failure (OR=1.81, 95% CI 1.01-3.24). Models also 
indicated a significant association with increasing levels of calcium decreasing the odds of hearing 
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screening failure (OR=0.49, 95% CI 0.34-0.70). A significant interaction between selenium and 
zinc was also noted in logistic regression models.  
Third, a cross-sectional study in a developing nation investigated Pb and other toxicant metals 
(arsenic, cadmium, manganese, and MeHg), along with essential elements (copper, iron, selenium, 
and zinc), and noise exposures in a potentially vulnerable community of electronic waste (e-waste) 
recycling workers. This study recruited 58 e-waste workers, with an average age of 26, from their 
worksite in Agbogbloshie, Ghana. Sixty percent of participants were observed to have a noise 
notch, or elevated hearing thresholds at high frequencies. Potentially harmful levels of noise 
exposure were observed during both occupational and non-occupational tasks. A metric 
quantifying the variety of work tasks improved multivariate regression models predicting the 
degree of hearing impairment at high frequencies. Essential elements were not significantly 
associated with levels of toxicant metals or HL. However, a significant interaction between levels 
of zinc and noise was observed.  
Taken together, these studies do not provide consistent evidence of an ototoxic impact from Pb or 
Cd exposure; however, MeHg ototoxicity was significant. The three studies also did not find 
significant evidence of interactions between toxicant metals and noise. Nonetheless, Pb and Cd 
exposures can damage other tissues relevant to public health. 
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CHAPTER I: Introduction 
Profound impacts on human health and quality of life, as well as a wide variety of adverse social, 
psychological, occupational, and educational outcomes, can all stem from one disease: hearing 
loss (HL) [1]. Across the world, HL is the third most disabling disease [2]. This is due in part to 
an increasingly high prevalence of adult-onset HL in developing nations [3], a large portion of 
which is due to occupational exposures to potentially harmful conditions [4].  
Occupationally, HL is mainly associated with exposures to excessive noise which can cause 
‘noise-induced hearing loss’ (NIHL). Another established link to HL is aging, causing ‘age-related 
hearing impairment’. While HL is indeed most prevalent in the elderly, HL affects those of all 
ages, especially impairing the quality of life in children, even when cases are mild [5,6]. HL of 
unknown etiology has been established in a majority of childhood HL cases [7]; the portion of 
environmental exposures contributing to developmental hearing problems is not established.  
However, one cause of HL that is not well understood but is emerging and gaining in prominence 
is exposure to ototoxic occupational as well as environmental contaminants, in particular metals. 
There is a need for further research examining the relationship of metals to HL, especially those 
occurring in mixtures [8]. Exposure to mixtures of metals in the environment are ubiquitous [9]. 
Pb and Cd occur in occupational and community settings due to their current and past use in 
gasoline, electronics, plumbing, and household paint [10]. A number of epidemiological studies 
indicate that exposures to metals, in particular lead (Pb), cadmium (Cd), and mercury (Hg) may 
be associated with an increased risk of HL [11–15]. Previous experiments on mice have shown 
that in utero exposure to environmental levels of Pb can lead to changes in the nervous system and 
lowered hearing thresholds [16–18]. While the results of these studies are suggestive, more 
evidence is required to establish a causal link between metals and HL while accounting for 
potential confounding effects due to concurrent exposure to noise and nutritional status.  
Better understanding of these multi-factorial exposures is essential to enhanced real-world 
modeling. To address this need, this dissertation comprised three major investigations to study Pb 
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ototoxicity from both occupational and environmental exposures. Laboratory experiments allow 
variations of mixtures to be tested in a controlled environment. In the first study, a mouse model 
was developed to investigate effects on the hearing system through experimental exposures to both 
environmentally- and occupationally-relevant exposures to Pb and Cd. Epidemiological 
experiments allow for better understanding of real-world exposure conditions and actual health 
outcome in humans. A variety of environmental exposures to Pb occur in populations of children 
living in Michigan [19–21]. Most recently the water crisis in Flint, Michigan has highlighted 
concerns over heightened exposures to Pb in children [22]. Cd has been also been detected in the 
environment in Michigan [23,24] and some elevated exposures have been discovered [25]. The 
second, a case-control study of newborns in Michigan, evaluated relationships between 
environmental Pb and Cd exposures and abnormal hearing outcomes at birth. Electronic waste 
workers at Agbogbloshie Market in Accra, Ghana have high occupational exposures to metals 
[26,27]. The extent to which elevated Pb exposures may play a role in HL outcomes for these 
workers in Ghana was investigated in a third study using a cross-sectional study design.  
To explore more fully the relationship between HL and metals, it is useful to explore several related 
areas. These include the anatomy and physiology of the hearing system; the association between 
three key metals (Pb, Cd, and Hg) and HL; the effects of mixed exposures to these metals; potential 
mechanisms of metal-induced ototoxicity; and relevant research gaps. Each of these areas are 
described below. 
 
I.A: Hearing system  
Hearing is a complex sense that requires intricate bio-machinery working in concert with the 
nervous system to produce awareness of myriad types of sound. The patterns of sound in a 
surrounding environment is produced by a wide variety of both natural environmental sources, 
such as wind rustling trees or waves crashing on a beach, as well as anthropologic environmental 
sources like trains, jackhammers, and radios. Sounds can be pleasant and soothing when quiet and 
appealing, or defined as noise when too loud and undesirable. All sounds are the transfer of 
mechanical energy as molecules in the air vibrate and disrupt adjacent molecules. Transfers of 
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force occur in three-dimensional waves as variations in pressure are distributed through 
compression and refraction.  
Hearing is the sensory phenomenon of detecting changes in the pressure in the environment as 
vibrations through the ear. Sound can be described in terms of intensity, pitch, and tone. Intensity, 
perceived as loudness, is a measure of the amount of energy carried by sound. Highly intense 
sounds can cause immediate pain and at high enough levels can damage the tympanic membrane 
and ossicular bones in the middle ear [28]. Intensity is quantified as sound pressure, measured in 
Pascals, or as sound pressure level, measured in decibels (dB) on a logarithmic scale. High 
intensity sounds are perceived as being louder. Pitch describes the frequency of sound, measured 
in hertz (Hz); higher-pitched musical notes, such as those played by a piccolo, have a higher 
frequency than lower-pitched notes, such as those played by a tuba. Timbre is another variation in 
the sound quality between musical instruments within the same frequency range, for example a 
piano and a guitar. This is due to the multiple pitches, overtones, and reverberation produced by 
energy in a musical instrument or for any type of sound, which can enhance subjective satisfaction 
with a type of tone for an individual [29].  
Conductive HL can occur due to damage to the external and middle ear structures and is not the 
primary focus of this dissertation. However, describing causes of conductive HL illustrates the 
anatomy and function of the outer and middle ear. The outer ear structures include the pinna or 
auricle (the visible part of the ear) as well as the ear canal. The auditory system is open to the 
environment through both the pinna and ear canal. Deformations of the pinna and obstructions, 
particularly from occlusion of ear wax, or infections within the ear canal can lead to blockage of 
the unique external ear structures which conduct and amplify sound [30]. The middle ear structures 
include the tympanic membrane (ear drum) and the three ossicular bones. The eustachian tube 
connects the middle ear to the nasopharynx, or nose and mouth, to allow for pressure equalization. 
Deformation or loss of function in these structures can also cause conductive HL. Problems in the 
middle ear can include a perforated or deformed tympanic membrane, deformation or fixation (e.g. 
in otosclerosis) of the malleus, incus, and stapes (the three ossicles), or fluid in the middle ear 
resulting from an infection [31]. There is special concern following blast trauma or loud bursts of 
sound, such as those from a gun, which may result in perforation of tympanic membrane, 
dislocation or fracture of the ossicles, as well as problems in the inner ear, or cochlea [32].  
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Sensory cells of the inner ear 
The stapes transmits vibrations from mechanical motions in the middle ear to fluid motion within 
the cochlea. Damage to the systems within the cochlea or the connecting nerves producing 
impairments to hearing are defined as sensorineural and separated from the conductive hearing 
issues discussed earlier. The key structure inside the cochlea is the organ of Corti which contains 
the sensory cells responsible for signaling in response to sound stimuli as well as amplifying these 
sounds. The organ of Corti contains three rows of outer hair cells and one row inner hair cells [33]. 
In mammalian auditory systems, death of these two types of sensory cells, inner and outer hair 
cells, is permanent as they do not regenerate [34]. Outer hair cells amplify the movement of the 
basilar membrane for specific frequencies depending on their location in the cochlea. This 
amplification allows for better detection of low intensity sounds by the inner hair cells. Inner hair 
cells perceive vibrations through the bending of stereocilia which opens potassium channels 
allowing an influx of potassium inside the cell [35]. The increase in potassium triggers an increase 
in calcium levels as calcium channels open, and this in turn signals for neurotransmitters to be 
released at the basal end of the cell. The inner hair cells allow for translation of vibration sensations 
into neuronal signals received by neurons connected to the inner hair cells and contained within 
the cochlea. Each inner hair cell connects to one afferent Type I neuron or spiral ganglion [36]. 
Afferent spiral ganglia receive glutamate neurotransmitters sent from the inner hair cells of the 
ear. They then send action potentials to the auditory cortex of the brain after first passing signals 
through the brainstem, through the medulla oblongata (cochlear nucleus) and midbrain (inferior 
colliculus), relayed then through the thalamus (medial geniculate nucleus) [37].  
The stria vascularis regulates the levels of ions in the endolymph. Holding a high concentration of 
potassium in the endolymph allows for an endocochlear potential over 100 mV [38]. This 
concentration gradient allows for a sudden increase in potassium upon the appropriate channel 
opening when the inner hair cells, which are bathed in the low potassium levels of the perilymph, 
are stimulated by vibrations. Damage to the stria vascularis can also result in sensorineural HL, as 
a secondary effect. These types of impairments tend to be associated with temporary HL and the 
threshold shift would be flatly elevated [39]. 
Function of the outer hair cells inside the cochlea can be measured using DPOAEs (distortion 
product otoacoustic emissions) [40]. DPOAEs are generated by a phenomenon that occurs when 
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two pure-tones (f1 and f2; at frequencies separated by 1.22 ratio of f1/f2) enter the cochlea with 
functional outer hair cells [41]. The amplification function and resonance of the outer hair cells 
with the basilar membrane produce a third tone (at a lower frequency than the entering sounds by 
the formula f3=2f1-f2) which exits the cochlea and is transmitted in reverse through the hearing 
system to the outer ear where it can be detected by a microphone [42]. Alterations in DPOAEs are 
well documented after severe noise exposures and correlated with HL [43]. DPOAEs can be used 
to localize the location of damage to the outer hair cells by using various low to high frequencies 
detected in segments ranging from the basal to apex portions of the cochlea. Detecting outer hair 
cell impairment is important as outer hair cells are more sensitive to damage than inner hair cells, 
especially by reactive oxygen species (ROS). Outer hair cell damage, whether due to toxicants or 
noise, results in 30-40 dB HL heightened threshold detection [44]. 
Neural transmission 
Damage within the neural complex of the auditory processing system can also impair hearing. 
Auditory brainstem response (ABR) detects the threshold sound pressure level which stimulates 
neuronal pathways in the auditory system allowing for perception of sound. ABR only measures 
sound-initiated neural activity and not the complete sensation of “hearing,” which includes 
conscious perception of that sound. Action potentials are displayed as waves I-V on an audiogram. 
Following detection of sounds by spiral ganglia, signals are sent along the eighth cranial nerve (or 
the vestibulocochlear nerve); this is seen as wave I. As neural signals continue, they are passed to 
the cochlear nucleus (wave II), the superior olivary complex (wave III), the lateral lemniscus (wave 
IV), and finally the inferior colliculus (wave V). Action potentials travel further to the medial 
geniculate body in the auditory thalamus and then the auditory cortex. Auditory processing occurs 
in other areas of the brain such as the amygdala where auditory inputs can be stored as memory 
and associated with an emotional response [45]. Abnormal ABR amplitudes (such as the lack of 
peaks) as well as prolonged or shortened times between waves indicate abnormal neurological 
processing and sensorineural HL [46]. 
Pure-tone audiometry is the gold standard for assessing auditory thresholds. It involves an 
assessment of the full auditory system from outer ear to neural processing and an individual’s 
perception of a sound. Audiometry is best performed in a sound-proof booth and with an individual 
who is willing and able to report when a pure-tone stimulus is perceived [47]. Despite excellent 
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diagnostic abilities of audiometry, it has been found to not fully capture all hearing difficulties, 
specifically those of not hearing speech well in environments with high levels of background 
sounds [48]. Hearing in background noise is also being explored through neural responses in 
animals [49]. Audiometry is often recommended in conjunction with other hearing tests such as 
ABR and DPOAE to fully diagnose hearing disorders.  
 
I.B: Pb and HL 
Carlson and Neitzel (2019) recently published an extensive review examining Pb ototoxicity in 
both animal and human studies [50]. Literature is available in both the fields of toxicology and 
epidemiology, though results in both areas are suggestive, evidence does not conclusively 
demonstrate an ototoxic property of Pb. Toxicological studies have all not established a consistent 
threshold shift or alteration in ABR across different species or different doses of Pb. 
Epidemiological studies have conflicting results and weaknesses, especially in the areas of 
establishing the level of exposure to Pb and accounting for confounding noise exposures. The 
evidence below is compelling, but must be further explored. 
Toxicological studies done in various types of animals have noted alterations in the auditory 
system following Pb exposure. Injections of Pb acetate (PbAc) into chicken embryos resulted in 
alterations to auditory nuclei neurofilament proteins [51]. Monkeys exposed to PbAc from birth to 
age 13, had elevated thresholds, especially at higher frequencies compared to non-treated controls 
[52]. However, within this study, of the six monkeys exposed to Pb, three did not display altered 
auditory responses. In vitro work has shown evidence that transmission of neuronal signlas can be 
altered after treatment with Pb. Auditory nerve compound action potentials were disrupted due to 
administration of PbAc in guinea pigs [53]. PbAc decreased outward potassium currents in adult 
pigmented guinea pigs outer hair cell explants [54]. Pb also impacts the proton gradient of synaptic 
vesicles and decreases glutamate accumulation inside synaptic vesicles [55]; this may be related 
to auditory processing as glutamate is the primary neurotransmitter used in ascending auditory 
neurons [37].  
Three studies conducted by Lurie et al. (2008, 2009, and 2010) focused on developmental 
exposures of Pb throughout gestation in a mouse model. While no changes in auditory thresholds 
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were observed, neural conduction time was influenced by treatment with Pb in mice during their 
development to 21 days of age. Pb treatment in utero decreased levels of proteins and the 
neurotransmitter serotonin in addition to altering the superior olivary complex in the brainstems 
of Pb exposed animals [16–18].  
Human studies have also established some evidence of detrimental hearing effects associated with 
Pb exposure. American adolescents showed a greater likelihood for HL with higher Pb exposures 
[56]. However, this study accounted for noise exposures using participant reporting of five or more 
hours a week and did not examine interactions or quantify average noise levels. In a more aged 
population, x-ray fluorescence has been used to measure life-time accumulated bone Pb levels in 
participants. Levels of Pb in bone were significantly associated with thresholds increases at higher 
frequencies and HL increased with Pb exposures, even after accounting for occupational noise 
exposures [57]. Four occupational studies have noted associations between Pb exposure and HL. 
In workers, a majority of whom were male and white, an elevated (i.e., worse) hearing threshold 
at 4000 Hz was associated with blood Pb levels (BLLs) from 1 to 18 µg/dL [58]. Hearing 
thresholds over 25 dB displayed a significant dose-response relationship to Pb exposures in a case-
control study [59]. Both increasing BLL and working-lifetime average BLLs were associated with 
increasing wave I latency; a cumulative Pb exposure measure, working-lifetime integrated BLLs, 
accounted for increasing wave V latency and increasing wave I to III intervals [60]. Increasing Pb 
levels showed an increase in the time between waves I and V due to industrial Pb exposures [61]. 
Significant findings of Pb ototoxicity have also shown disagreement of occurring at low 
frequencies [62] or high frequencies [63]. While the literature on higher Pb levels resulting in 
heightened HL is suggestive, it is also countered by data suggesting that there may be no 
detrimental effect; though the evidence provided by these six studies may not be generalizable as 
they were done on children and adults with extremely high BLLs and Pb exposures due to Pb-tile 
glazing or Pb mining industries in Ecuador [64–69].  
Studies on occupational exposures to Pb in combination with high noise levels have suggested an 
interaction between noise and Pb exposure. This type of potentiation or synergistic interaction has 
been noted in other ototoxic chemicals like styrene, aminoglycosides, and jet fuel [70–72]. Steel 
workers in Taiwan with BLLs over 7 µg/dL had higher odds of HL measured by pure-tone 
audiometry at frequencies of 3-8 kHz [73]. Pb-battery factory workers were analyzed for HL due 
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to noise exposure and Pb levels; while chronic Pb exposure and loss of hearing were correlated, 
noise was not and no interaction between Pb and noise was found [74]. In an Egyptian printing 
facility, workers were exposed to high levels of Pb, but noise exposures were under 50 dB, well 
below OSHA’s time weighted average standard of 90 dB. When pure-tone audiometry hearing 
thresholds were analyzed and compared with those in a cotton factory with comparable noise 
levels, those exposed to Pb had significantly higher thresholds [75].  
 
I.C: Cd and HL  
DPOAEs and ABR tests on Cd-exposed rats revealed damage to the hearing pathway and cochlea 
after 30 days of treatment with Cd in the drinking water; the interpeak latency of waves I-III 
increased significantly along with a shortened latency of wave I [76]. This Cd-related ototoxicity 
was confirmed in another study on rats examining protective effects of zinc supplementation on 
Cd ototoxicity; significant shortening in wave I-III and I-V latencies were due to Cd, but zinc 
treatment had no significant effects [77]. Kim et al. have also used Cd as a model for ototoxicity 
in rat cell culture explants and in mice [78–80]. However, the does used by Kim et al. are high and 
may not be relevant for environmental exposures. Human data on Cd ototoxicity is lacking, but 
US adolescents with the highest levels of Cd in their urine were observed to have three times the 
rate of low-frequency HL [56]. Choi and Park’s study in Korea found that blood levels of Cd were 
linked to heightened odds of high-frequency HL [81]. These compelling data must be further 
replicated and explored to confirm the doses and outcomes Cd exposures may have on the auditory 
system. 
 
I.D: Hg and HL 
Animal studies have produced convincing evidence of Hg toxicity. Toxicological studies of Hg in 
guinea pigs have shown alterations in endocochlear potential latency and heightened potentials 
following treatment with Hg along with decreased action potential voltage [82]. In developing 
mice in utero doses of Hg chloride and methylmercury, as well as doses administered following 
weaning, caused delays in ABR wave V latency at seven weeks; effects were largest when animals 
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received exposures both during gestation and after birth [83]. Low doses (10 mg/kg/day) of Hg in 
the form of cinnabar caused significant shifts (about 30 dB) in hearing thresholds after ten weeks 
of treatment in ICR male and female mice [84]. 
In humans, Hg ototoxicity has been reported, though the specifics of magnitude, frequency, or 
duration for adverse outcomes have not been determined by extensive research. Ototoxicity of Hg 
was historically shown following treatments with Hg vapors for lice and documented by Avicenna 
in the 11th century [85]. The Japan disaster occurring during the 1950s due to Chisso Corporation 
releasing Hg into Minamata Bay has also shown that Hg exposures can lead to HL [86]. Hg has 
also been examined in mining populations in Ecuador and Nicaragua where results have been 
mixed [66,87,88]. These three studies are limited by small sample sizes and cross-sectional study 
design as well as many confounding factors such as noise. 
 
I.E: Metal toxicity in combination  
Pb and Cd, Pb and Hg, and Pb together with Cd and Hg have been explored together as 
ototoxicants. Studies on other cellular effects of Pb and Cd (i.e. metallothionein expression) have 
shown that administration of both metals simultaneously evoke a synergistic response [89]. 
Potentiation of oxidative stress in dual administration of Pb and Cd has also been shown [90]. Pb 
with both Cd and Hg has shown synergistic toxicity on liver cell viability [91].  
Combined exposures to these metals have also been explored in hearing studies. Choi et al. (2012) 
analyzed National Health and Nutrition Examination Survey (NHANES) data for associations 
between pure-tone audiometry average hearing thresholds with levels of blood Cd and BLLs; after 
appropriate age and social adjustments, the highest quintiles of Cd and Pb had significantly higher 
levels of thresholds, 13.8% and 18.6% higher, respectively [11]. Levels of Pb and Cd in US adults 
have been found to have additive effects on HL [11]. In adolescents from the US recruited for 
the National Health and Nutrition Examination Survey, levels of Pb equal to or above 2 µg/dL 
were found to significantly increase the odds ratios of a having high frequency pure-tone threshold 
averages (for 3, 4, 6, and 8 kHz) above 15 dB while the highest quartile, with a median level of 
0.15 µg urinary Cd /gram creatinine, were only significantly associated with low frequency (0.5, 
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1, and 2 kHz) pure-tone threshold averages above 15 dB [56]. This same cross-sectional study also 
examined levels of Hg, which showed no significant associations to overall HL, high frequency 
HL, or low frequency HL in the 12-19 year-olds [56]. This study did not examine metal 
interactions.  
 
I.F: Possible mechanisms of toxicity involved with metals and noise 
The generation of an imbalance of reactive oxygen species (ROS) may play a key role in metals-
induced ototoxicity. Cd and Pb exposure have been linked to increased levels of ROS [92–94]. Hg 
treatment has also been linked with raising higher lipid peroxidation levels and increased oxidative 
damage to cellular structures [84]. Animals with Pb exposures have been shown to have increased 
levels of hydrogen peroxide, a ROS in red blood cells due to Pb inhibition of γ-aminolevulinic 
acid dehydratase [95]. Inner hair cells from guinea pigs have shown decreased outward potassium 
currents when exposed to 10 mM of hydrogen peroxide [96]; thus, hydrogen peroxide generation 
alone may disrupt hearing. When rising ROS levels can no longer be quenched by cellular 
antioxidant resources, oxidative stress occurs, and continued ROS production may lead to damage. 
Oxidative stress is associated with HL; specifically, NIHL and ototoxicity of aminoglycoside 
exposure [97]. The demyelination of the cochlear nerve observed after Pb exposure [98] is thought 
to be caused by lipid peroxidation due to ROS [99]. The ototoxic effects of Pb, in the forms of 
PbAc and tetraethyl Pb were attenuated when administration of phenyl-tert-butyl-nitrone, a free-
radical scavenger, preceded the Pb injection; suggesting the toxic response works at least partially 
through ROS [100]. 
 
I.G: Research gaps  
Mouse models are well established for studying the hearing system and exploring the effects of 
drugs, age, sex, and noise [101,101,102]. A mouse model has been established to demonstrate HL 
in mice exposed to Pb in utero [16–18], and Cd ototoxicity has been shown using a C57BL/6 adult 
mouse [78]. There is, however, no literature on use of a mouse model to determine effects of Pb 
exposures on the adult hearing system. 
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Whether hearing outcomes seen following in utero exposures of Pb to mice [16–18] are likely to 
appear in humans is not currently known. Information on nutrient and metal levels might further 
the understanding of nutrient-toxicant interactions and effects on the hearing system; to this date 
there is no study to explore interactions of nutrients and metal toxicants together in the hearing 
system. Newborn blood spot analysis offers an efficient approach to confirm whether low levels 
of Pb may create similar hearing outcomes in human gestational exposures to Pb. 
A number of occupational studies have suggested HL in workers exposed to both noise and metals 
which is greater than expected for the amount of noise exposure alone. However, none of these 
studies have included detailed information, such as personal noise dosimetry data, on the levels of 
noise to which workers were exposed. Only one recent study has investigated a link between noise 
exposure and metals exposures for mining occupations [14] and its findings were inconclusive. In 
developing nations, both noise and metals exposures are likely to be heightened due to a lack of 
regulations and enforcements. Studies among vulnerable populations, such as electronic waste 
recycling workers who have exposures to both noise and metals, are needed to evaluate the effects 
of these mixed exposures. 
 
I.H: Overarching goals 
Each aim of this study sought to address the same overarching questions:  
1) To what extent is Pb ototoxic?  
2) How is this ototoxicity impacted by other modifiable exposures (essential elements, 
noise, or additional toxic metals) from the environment? 
To explore these questions, two research approaches were used: one experimental animal model, 
and two human epidemiological studies. A mouse model proven to develop HL in a manner similar 
to that of humans was used in the animal study [103,104]. The mouse model was used to evaluate 
whether effects occur on the mammalian auditory system due to Pb and Cd, and the extent of these 
effects with and without noise modification.  
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The two epidemiological studies in this dissertation were designed to assess associations of metal 
levels with HL at different age ranges and include co-variates, such as nutrient levels and noise 
exposures. This approach was intended to elucidate the extent of resilience or vulnerability the 
hearing system has at two lifecycle stages (newborn or adult) has to metals at different exposure 
levels. The studies were also intended to assess the interactions of other toxicant metals, nutrient 
metals, and noise on Pb and Cd ototoxicity.  
 
I.I: Study aims 
The three studies were designed to assess the impacts of different toxicant and nutrient mixtures 
on HL (Figure I-1). More specifically, all three studies explored toxic metals as chemical hazards 
individually and concomitantly, while two studies explored the additional physical hazard noise, 
and two studies investigated levels of nutritional metals in blood as protective against HL.  
Project 1: Mouse Model  
The objective of this study was to experimentally evaluate and quantify, in a well-understood 
animal model, the relationship between Pb and Cd exposure and damage to the cochlear/vestibular 
system. The effects of these metals were evaluated singly, in tandem, and also in combination with 
noise exposure.  
Mouse Model, specific aim 1 
The dose-response relationships between Pb, Cd, and HL in CBA/CaJ mice were evaluated. Young 
mice of reproductive age were treated with doses of Pb or Cd in their drinking water for a period 
of twelve weeks, achieving serum levels commonly found in humans in contaminated areas. 
Animals’ auditory performance at baseline and end of the exposure period were quantified via 
Auditory Brainstem Response (ABR) and Distortion Product Otoacoustic Emissions (DPOAEs). 
Cochlear hair cell counts were conducted to enumerate morphological damage, serum levels of Pb 
and Cd were assessed, and bone Pb levels (in the tibia, femur, and cochlea) were compared as 
levels of Pb on the cochlea were previously not established. Vestibular damage was also 
qualitatively evaluated at these same time points through use of a rotarod test. These findings have 
been published elsewhere [105]. 
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Mouse Model, hypothesis 1 
Higher exposures to Pb and Cd will be associated with a greater risk of HL and vestibular 
damage. 
Mouse Model, specific aim 2 
The highest dosing treatments in Aim 1 were selected to explore mixtures of exposures with both 
Pb and Cd. The highest treatments for Pb and Cd were also chosen to evaluate effects of in 
combination with noise in separate groups of animals. Potentiation, additive, and synergistic 
effects were evaluated in groups of animals exposed to combinations of Pb and noise; Cd and 
noise; and all three agents in an experimental setting.  
Mouse Model, hypothesis 2  
Pb and Cd will act synergistically with noise and mice with exposure to a combination of 
noise and Pb and/or Cd will have greater HL than those exposed to noise alone. 
Project 2: Prenatal Human Exposures  
The objective of this study was to evaluate the relationship between newborn blood levels of non-
essential metals and newborn hearing outcomes. Hearing test outcomes for a sample of abnormal 
hearing cases and normal hearing controls matched by birth year-, sex-, race/ethnicity-, and birth 
city and hospital were obtained from the Michigan Department of Community Health (MDCH). 
Matched blood spot samples for these newborns were also obtained from the MDCH. 
Prenatal Human Exposures, specific aim 1 
Blood spot samples were analyzed for two non-essential metals (Pb and Hg). Next, the relationship 
between blood levels of these metals and hearing screening outcomes was evaluated controlling 
for age, sex, and birth year, and also accounting for multiple non-essential metals exposures (e.g., 
toxicant-toxicant interactions). 
Prenatal Human Exposures, hypothesis 1  
Infants with higher blood levels of non-essential metals Pb and Hg, separately at birth 
will have greater odds of an abnormal hearing outcome at birth. An interaction between 
Pb and Hg will cause subject with heightened levels of both Pb and Hg to have 
synergistically higher odds of hearing screening failure. 
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Prenatal Human Exposures, specific aim 2 
To evaluate the modifying effects by nutritional status, indicators of the observed relationship 
between newborn blood levels of essential metals were analyzed within infant dried blood spots. 
Since nutritional status can affect the uptake of metals, potential modifying effects by blood levels 
of nutritionally vital essential elements were explored in our analyses of the relationship between 
hearing and non-essential metals. This nutrient-toxicant interaction analysis examined the blood 
samples for the following essential metals: calcium, copper, potassium, selenium, iron, and zinc.  
Prenatal Human Exposures, hypothesis 2  
Newborn babies with poor nutritional status (low levels of essential metals) will be more 
susceptible to nonessential metal exposure-related abnormal hearing outcomes at birth. 
Project 3: Occupational Human Exposures 
The levels of both nutritional and non-essential metals together taken at the same time in 
vulnerable workers are not clearly established; the extent to which these levels may influence 
actions of ototoxic metals and noise on audiometric thresholds is also unknown. This study 
evaluated these factors among informal e-waste recycling workers at the Agbogbloshie dump in 
Accra, Ghana. Noise levels may be higher in developing nations [4], however to date, no studies 
have investigated the occupational exposures to noise related to electronic waste processing, 
recycling, and disposal. After levels of exposures were established, hearing abilities of workers 
with relatively heightened exposures to toxicant metals and heightened levels of noise exposure 
were compared to hearing abilities of workers with lower levels of metals and lower levels of noise 
to determine possible interactions of physical and chemical hazards. 
Occupational Human Exposures, specific aim 1 
This study investigated the extent to which various levels of non-essential metal exposures (Pb, 
Hg, Cd, manganese and arsenic) and noise were associated with hearing damage e-waste workers.  
Occupational Human Exposures, hypothesis 1  
Participants with higher thresholds will have higher levels of BLL on average. Higher 
levels of toxicant metals in blood will be associated with greater auditory thresholds. 
Each toxicant metal will be a significant predictor of increased thresholds within the high 
frequency of human hearing (4, 6, and 8 kHz).  
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Occupational Human Exposures, specific aim 2 
This aim investigated the extent to which detrimental effects on hearing due to cumulative or 
combinations of toxicant metal (Pb, Hg, Cd, Mn and As) exposures were additive, synergistic, or 
resulted in potentiation. Nutritional intakes in Ghana are exceptionally different than in the United 
States [106], so we assessed essential metal (copper, zinc, selenium and iron) levels in the blood 
of workers and their corresponding associations with levels of non-essential metals, along with 
possible impacts on HL. This aim also addressed whether associations of metal exposures and HL 
were modified by nutritional factors (blood levels of calcium, iron, copper, and zinc) and noise 
exposures in Ghanaian waste site workers.  
Occupational Human Exposures, hypothesis 2  
Participants with both higher noise and higher metals exposures will have more HL than 
those with higher noise exposures but lower metals levels; a synergistic relationship 
between metal and noise ototoxicity is expected to be observed.  
Occupational Human Exposures, hypothesis 3  
Higher levels of essential metals calcium, iron, copper, and zinc will be associated with 
better threshold levels and abate detrimental effects due to metals and noise exposures in 
combination. 
 
I.J: Dissertation overview 
This dissertation is organized into five chapters. Chapter II provides details of the experimental 
Mouse Model study. Chapter III describes features of the Prenatal Human Exposures study, 
combining blood and hearing screening data from Michigander newborns. Chapter IV describes 
the Occupational Human Exposures study which explored data on Ghanaian electronic waste 
workers from surveys, biological exposure measures and real-time dosimetry. Conclusions 
integrating and combining the results of these three novel studies are provided in Chapter V. 
Chapter V also addresses the combined strengths and limitations for this set of analyses, along 
with recommendations for future directions and possibilities for improvements to the field of 
mixtures research in toxicology and epidemiology.  
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I.K: Figures  
Figure I-1. Venn diagram showing hazardous factors and protective factors investigated by 
this study as predictors of HL 
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CHAPTER II: Assessing ototoxicity due to chronic lead and cadmium intake with and 
without noise exposure in the mature mouse  
Note: This chapter has already been published in a peer-reviewed journal [107]. 
II.A: Abstract 
Exposure to metals may lead to hearing impairment. However, experimental studies have not 
explored this issue with and without noise exposure in mature animals with environmentally 
relevant doses. The aim of this study was to investigate ototoxicity produced by lead (Pb) and 
cadmium (Cd) and noise, singly and in combination, in the adult CBA/CaJ mouse. Metals were 
delivered via drinking water (0.03 mM, 1 mM, and 3 mM Pb; or 30, 100, and 300 μM Cd) for 12 
weeks, resulting in environmentally- and occupationally-relevant mean (± standard deviations) 
blood levels of Pb (2.89 ± 0.44, 38.5 ± 4.9, and 60.1 ± 6.6 μg/dL, respectively) and Cd (1.3 ± 0.23, 
6.37 ± 0.87, 27.2 ± 4.1 μg/L, respectively). Metal treatment was also combined with a noise 
exposure consisting of a 105 dB broadband (2-20 kHz) stimulus for 2 hours or a sham exposure. 
Auditory performance was determined by comparing auditory brainstem responses (ABR) and 
otoacoustic emissions (DPOAE) at baseline and after 11 weeks of metal treatment. Metal-exposed 
animals did not develop significant auditory deficits and did not exhibit morphological damage to 
cochlear hair cells. In contrast, noise-exposed animals, including those exposed to combinations 
of metals and noise, demonstrated significant hair cell loss, reduced DPOAE amplitudes, and ABR 
threshold shifts of 42.2 ± 13 dB at 32 kHz (105 dB noise alone). No significant potentiation or 
synergistic effects were found in groups exposed to multiple agents. This study established a highly 
reproducible adult mouse model that may be used to evaluate a variety of environmental exposure 
mixtures. 
 
II.B: Introduction 
Worldwide, over 466 million people are estimated to suffer from hearing loss (HL) [108], and non-
age-related HL ranks as the fifth cause of years lived with disability globally [3]. HL in almost any 
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form exerts detrimental impact at all stages of life. Even mild losses in children are associated with 
poorer speech perception and significantly lowered performance on basic skills tests [6,109]. In 
adults, HL may impair a wide variety of adverse social, psychological, educational, clinical and 
occupational outcomes [110].  
Exposures to high levels of noise produce HL [111], and other environmental agents may also 
cause or contribute to HL [112,113]. Auditory toxicity (ototoxicity) resulting from exposures to 
certain clinically relevant drugs [114] is well established. Research from the past and present 
identified another potential source of HL: exposure to non-essential metals, including lead (Pb) 
and cadmium (Cd) [115,116], which are common environmental and occupational contaminants 
in industrialized communities [117,118]. Pb is present in paint in US homes built before 1977 and 
exposure may occur through the water supply in older homes, soil and household dust [119], 
children’s toys [120], and even through some food products [121]. Cd exposure may occur through 
contact with contaminated soils and dusts, tobacco smoke [122], and through dietary intake [123].  
Contradictory information exists on the consequences of prolonged low-level metal exposures in 
adults. Several reports suggested that Pb may be ototoxic in human adults [13,124] but not all 
studies agree [125]. The potential ototoxicity of Cd in human adults has been addressed in one 
study [11]. Epidemiological evidence also suggests that HL associated with Pb and Cd exposures 
in humans might be synergistically or additively affected by concurrent noise exposure [74,126]. 
Pb has also been implicated as a potential ototoxicant in developing animals, including mice [127–
129] and monkeys [130] and acute Pb exposures may generate auditory dysfunction in guinea pigs 
[100]. Similarly, Cd in drinking water at 5, 15, or 150 ppm produced ototoxic effects in 30-day 
exposures in two rat and one mouse study [76–78]. However, as with Pb, not all studies of Cd 
demonstrated ototoxicity [131]. These discrepancies largely arise from the lack of an established 
animal model to guide a consistent approach to potential ototoxic exposures by metals.  
While detrimental neurological effects of metals have been established during development in both 
children [132] and animals [16], though this is controversial as some studies show no consistent 
effects [64,133]. Adult animal models using higher occupational exposures to Pb have been 
exploited to a lesser extent. Therefore, adult animal models are necessary to address ambiguities 
in the epidemiological findings and explore potential causal connections between exposure to Pb 
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and/or Cd and HL. In order to close these knowledge gaps, the objective of this study was to 
evaluate and quantify, in a well-controlled animal model, the relationship between Pb and Cd 
exposure and ototoxicity as measured by auditory threshold shifts and cochlear hair cell loss. Based 
upon environmental and occupational exposure parameters, the effects of the metals were 
evaluated singly, in tandem, and also in combination with noise. 
 
II.C: Methods 
Animals  
The University of Michigan’s University Committee on the Use and Care of Animals approved all 
animal protocols for this work. Routine care for animals was provided by the University of 
Michigan’s Unit for Laboratory Animal Medicine (ULAM). Mice were housed in a containment 
facility with unlimited access to both food and treatment water. Treated water bottles were changed 
twice a week. The facility maintained a 12-hr light-dark cycle. In-cage 72-hr noise exposure 
measurements were taken monthly using a personal noise dosimeter (Spark 706RC, Larson Davis, 
Depew, NY). Average ambient sound pressure levels (SPL) were consistently at or below 60 dBA, 
a level sufficient to eliminate the risk of noise-induced HL in mice [134,135].  
CBA/CaJ mice arrived from the Jackson Laboratory (Bar Harbor, ME) at 4 weeks of age weighing 
23 g and were allowed one week for acclimation. All mice were housed 5 to a cage if possible. 
Baseline auditory brainstem response (ABR) measurements at age 5 weeks determined hearing 
thresholds before chemical treatments began at 6 weeks of age (Figure II-1). A treatment schedule 
beginning no earlier than age 5 weeks was selected to coincide with mouse reproductive maturity 
and comparable to the age of young workers in the US. Treatments continued for 11 weeks. 
Sacrifice by anesthesia and decapitation followed by blood, bone, liver, kidney, and cochlear tissue 
harvest occurred at 17 weeks of age. Noise exposures were administered during the sixth week of 
treatment (11 weeks of age). Final hearing thresholds were measured during week 11 of treatment 
(16 weeks of age).  
All animals were visually inspected daily and weighed weekly to verify consistent growth. No 
cases of overt toxicity from Pb or Cd were observed. Animals were sacrificed after final hearing 
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assessments for pathological analysis, cochlear assessment, and tissue Pb and Cd measurements. 
One control mouse died during our experiment due to acute obstructive uropathy unrelated to the 
experimental protocols. All other mice completed the full experimental treatment. 
 
Treatments 
Mouse treatment groups and total group size throughout this study are shown in Table II-1. This 
study was run in three stages. The first stage used various levels of Pb, Cd, and noise treatments 
to determine the level of treatment that caused damage. During the second stage, doses of 3 mM 
Pb, 300 μM Cd, and 105 dB noise were selected to investigate effects of these treatments under 
concurrent dosing regimens. The third stage exclusively investigated the DPOAE outcome. 
Controls were included in each period thus larger numbers of control animals are reflected in Table 
II-1. Each treatment group included at least 6 mice to allow for health outcomes to show through 
individual variability. Only male mice were used due to documented estrus-related hearing 
fluctuations in female mice [136].  
Pb exposure  
An aqueous 2% w/v lead acetate solution (Fisher Scientific, Waltham, MA; #429132) was diluted 
into highly purified and filtered water (Merck Millipore, Billerica, MA Milli-Q System). Final 
concentrations of Pb in drinking water were 0.03 mM, 1 mM, and 3 mM; concentrations were 
selected to obtain serum levels representing those seen in US workers from average environmental, 
high environmental and legal limits of occupational exposures, respectively.  
Cd exposure 
Cd in the aqueous form of CdCl2 (VWR, Radnor, PA; # 101443-260) was diluted into Milli-Q 
water to final concentrations of 30 μM, 100 μM, or 300 μM, again selected to achieve serum levels 
to represent US exposures ranging from environmental to occupational.  
Combined exposure to Pb and Cd consisted of treated water containing the highest doses of Pb (3 
mM) and Cd (300 μM). Random samples from each concentration were taken from all water 
bottles at monthly intervals to verify consistency in concentrations over the study.  
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Noise exposure 
A single two-hour noise exposure was administered in week 5 of the chemical treatment period. 
Using a method previously described [137], mice were housed in individual wire cages in a 
ventilated chamber with a loudspeaker mounted at the top of the chamber. Two or three awake 
animals were simultaneously exposed to 2 hours of broadband white noise (2 to 20 kHz) at 
intensities of 102, 105, or 108 dB SPL. Noise levels were confirmed within the wire cage with 
sound level meters before and during exposure (B&K sound level meter model 2231, with type 
4155 1/2" microphone). 
 
Pathophysiology 
Auditory brainstem response (ABR) 
For ABR testing, animals were anesthetized with intraperitoneal injections of ketamine (65 
mg/kg), xylazine (7 mg/kg), and acepromazine (2 mg/kg) to insure relaxation and immobilization 
as described in previous literature [138]. Additional injections of ketamine and xylazine were 
administered as necessary to maintain anesthesia for the duration of the examination; an injection 
of glycopyrrolate (0.2 mg/kg) was administered to aid recovery. The ear canals and tympanic 
membranes of all animals were evaluated for signs of obstruction or infection prior to hearing 
assessments. No obstructions or infections were observed in any of the mice. 
Needle electrodes were inserted subdermally at the vertex of each mouse’s skull equidistant to 
each external auditory meatus, a reference electrode was inserted below the pinna of the left ear, 
and a ground electrode was inserted contralaterally [138,139]. Sound stimuli were carried in a 
closed acoustic system to the left external auditory meatus and then transmitted through an ear bar 
connected to a Beyer DT-48 transducer (Beyer Dynamic, Farmingdale, NY, USA). The test output 
was transmitted to an amplifier, viewed via oscilloscope, and recorded using SigGen software 
(Tucker-Davis Technologies, Gainsville, FL USA). Thresholds were determined at low, mid-
range, and high frequencies (8, 16, and 32 kHz, respectively) by progressive reductions in sound 
intensity by 10 dB SPL steps initially, and 5 dB SPL steps near threshold. Thresholds were defined 
as the lowest stimulus at which a positive waveform was seen [140] and threshold shifts were 
calculated for individual animals as the difference between measurement at baseline and the 
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conclusion of the experiment (chemical treatment week 11). Pilot work included preliminary 
analyses for groups suspected to show the largest changes of final ABR peak I through V amplitude 
and latency data as well as inter-peak latencies (I-II, II-III, III-IV, IV-V, and I-V) were calculated 
using MATLAB (Mathworks, Natick, MA) at 80 dB for frequencies of 8, 16, and 32 kHz for 
control mice, and those in the highest Pb and Cd treatment groups. Due to inconsistencies in 
interpreting ABR waveforms of noise-exposed animals, we excluded any animal with noise 
treatment from these analyses. 
Distortion product otoacoustic emissions (DPOAEs) 
DPAOEs were collected at the same time points as ABR (i.e., baseline and eleventh week of 
treatment). DPOAE tests were run as described previously [140,141] at 32 kHz following 
administration of anesthetics as described above for ABR. The ratio of the intensity of the primary 
tones f1 and f2, remained constant at f2/f1 = 1.2. F1 intensity was adjusted in 5–10 dB SPL 
increments, while f2 intensity was held 10 dB SPL below f1. Tucker-Davis Technologies System 
II (Gainsville, FL) hardware and SigGen/BioSig software captured responses and presented stimuli 
tones. Amplitude shifts were calculated by subtracting the final amplitude from the initial. 
 
General pathology 
Immediately following euthanasia via deep anesthesia with ketamine (100 mg/kg) all animals were 
exsanguinated via cardiac puncture to collect up to 1 ml blood. Upon exsanguination, 0.5 ml blood 
was placed in a trace metals analysis tube (Becton Dickinson, Franklin Lakes, NJ #368381). Any 
remaining blood was placed in to a serum separator tube, spun for two min and frozen in 
preparation for blood chemistry analysis. Blood serum was analyzed for markers of kidney and 
liver function: creatinine, aspartate amino transferase (AST), albumin, alanine amino transferase 
(ALT), total bilirubin, blood urea nitrogen (BUN), and alkaline phosphatase (ALP). Mice were 
necropsied and gross visual inspection was made for systemic damage. Liver and kidneys were 
removed during necropsy on all mice and placed into formalin fixative for at least 24 hours before 
they were trimmed and stained with eosin and hemotoxylin. Right femur and right tibia bones were 
collected, scraped of extraneous tissues with a ceramic blade, weighed and stored under 
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refrigeration. Cochleae were collected and placed on ice in phosphate buffered saline (PBS) for 
dissection. 
 
Tissue analysis 
A University of Michigan Unit for Laboratory Animal Medicine (ULAM) veterinary pathologist 
blinded to treatment status evaluated liver and kidney slides for organ-specific lesions. ULAM 
also completed blood chemistry panel analyses. Blood samples were analyzed for Cd and Pb levels 
using inductively coupled plasma mass spectrometry (ICP-MS) at the Michigan Department of 
Health (Lansing, MI). Cochlear bone Pb and Cd levels were determined from the entire cochlear-
vestibular apparatus along with a portion of the temporal bone. Right and left cochlea were 
weighed together and digested in OPTIMA grade nitric acid. Tibia and femur bones were similarly 
digested Pb and Cd content was determined using ICP-MS by the Michigan Department of Health. 
Detection limits were 0.05 mg/kg Pb and 0.05 mg/kg Cd for the bone and cochlear metal analyses.  
Hair cell counts 
Surface preparations of cochleae were examined to determine numbers of all cochlear inner and 
outer hair cells. Both left and right auditory systems were examined using a light microscope for 
abnormalities and signs of infection. The round window, oval window, and apex were opened to 
perfuse the entire cochlea with 4% paraformaldehyde in 10 mM phosphate-buffered saline (PBS) 
at pH 7.4. Cochleae were then decalcified with 4% EDTA in 10 mM PBS, stained with rhodamine 
phalloidin to label actin and hair cells were counted along the entire length of the cochlea 
[139,142]. Average outer hair cell losses were tallied in the apex, middle section, and base. 
 
Statistics 
Data were compiled, and descriptive statistics computed, in Excel (Microsoft, Redmond WA). 
Further analyses were run using R 3.3.1 (Vienna, Austria) and figures were generated in GraphPad 
Prism 6 (San Diego, CA). Counts of mice with ABR threshold shifts >20 dB, a level that has been 
used as a threshold for human hearing impairment [143], were also computed. Means across 
exposure groups were compared using Student’s t-test and one-way ANOVA using a Bonferroni 
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correction for multiple comparisons; distributional comparisons were conducted via χ2. Results 
were considered significant at α = 0.05. Blood serum above or below established normal values 
[144] were counted were pooled from similar treatment groups using Pearson's Chi-squared test 
with Yates' continuity. 
 
II.D: Results 
Animals 
Pilot work in CBA/J male mice revealed a number of ear infections not identifiable during visual 
inspection before performing ABR and observed after cochlear dissections. The CBA/CaJ strain 
of mouse was therefore selected for this investigation due to their low incidence of ear infections 
compared to other mouse strains [145] and stable hearing thresholds into advanced age (12-18 
months) [135,138]. Our study noted only one mouse with an ear infection on the right (non-ABR) 
side out of a total 150 mice undergoing ABR and cochlear dissection. Body weight measures were 
maintained throughout the study and no overt changes of health were noted. As reported in 
pathology results, hepatotoxicity and systemic toxicity were not found at this dose. 
 
Treatments 
All control water samples tested below the limit of detection (0.2 mg/L) for both Pb and Cd. All 
Pb treatment water tested below limits of detection (LOD) for Cd and all Cd water tested below 
LOD for Pb. Water samples showed that mean treatment concentrations of Pb and Cd were within 
25% error below the intended concentrations, and no individual samples tested above the intended 
concentrations of Pb or Cd. Mean water sample concentrations (all results reported to two 
significant figures) of Pb were 0.023, 0.91, and 2.7 mM (4.8, 190, and 550 mg/L) for the 0.03, 1, 
and 3 mM treatment groups, respectively. Mean Cd water sample concentrations were 27, 93, and 
240 μM (3.0, 11, and 27 mg/L) for the 30, 100, and 300 μM treatment groups, respectively. Mean 
water sample concentrations for the combined Pb and Cd treatment groups were 2.4 mM (510 
mg/L) and 280 μM (31 mg/L) for Pb and Cd, respectively. 
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Noise 
Pilot study results indicated that noise exposures of 102 dB SPL produced no hearing damage, 
while 105 dB or 108 dB SPL exposures averaged similar threshold shifts (approximately 35-40 
dB). Therefore, the 105 dB SPL exposure, which produced a robust threshold shift without a full 
elimination of auditory responses, was selected for evaluation of exposures in combination with 
metals in order to optimize our ability to assess possible potentiation effects of Pb and Cd on 
hearing thresholds. 
 
Pathophysiology 
ABR baseline levels 
Baseline thresholds decreased with increasing test frequency, as is typical for CBA/CaJ mice. 
Variability in baseline thresholds was low for the 147 mice that underwent ABR. The highest 
threshold mean (± SD) of 26 ± 3 dB was observed at 8 kHz, compared to 17 ± 3 dB at 16 kHz and 
17 ± 3 dB at 32 kHz.  
ABR threshold shifts 
No significant changes from baseline thresholds were observed in the control animals at 8 and 32 
kHz (Table II-2 also shown in Figures II-2, II-3, and II-4). Threshold shift variability in the metal 
treatment groups was similar at all frequencies to that of the control group. No Pb or Cd treatment 
groups (including single and combination metal exposures) displayed threshold shifts at any 
frequency that differed significantly from control, though changes from baseline thresholds among 
the Pb and Cd single treatment groups were higher on average at 8 and 32 kHz than those of 
controls. Only 1 of 47 mice (2.1%) in a combination of the control, all Cd single treatment, and all 
Pb single treatment groups experienced a 20-dB or greater threshold shift at 32 kHz, and only 2 of 
42 (4.7%) experienced such a shift at 8 kHz. 
Noise-exposed mice showed threshold shifts much larger and more consistent than those from Cd, 
Pb, or Cd+Pb treatments, and which differed significantly from control (Table II-2; results for 
controls, 105 dB noise exposures, and highest Pb and Cd treatments singly or in combination are 
shown in Figures II-2, II-3, and II-4). Mice exposed to 102 dB only exhibited alterations from 
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baseline thresholds 10-11 dB greater than controls at 8 and 16 kHz; however, these differences 
were not significant. Threshold shifts in the noise-only treatment groups of 105 dB and 108 dB 
were not significantly different at any frequency. Average threshold shifts were significantly 
different from controls at 8, 16, and 32 kHz in mice treated with 105 dB noise alone or 105 dB 
noise in combination with Pb, Cd, or Pb and Cd (data not shown). Threshold shifts in the 105 dB 
noise plus Pb and/or Cd exposure groups did not differ significantly from the 105 dB noise-only 
treatment group.  
The Cd+Pb+Noise group unexpectedly showed significantly lower changes from baseline 
thresholds than the Cd+Noise treatment at 16 kHz. Changes remained lower, though not significant 
at 8 kHz and 32 kHz; differences ranged from 7.3 dB at 8 kHz to 19.8 dB at 16 kHz. The fractions 
of animals experiencing substantial threshold shifts (greater or equal to 20 dB) were similar among 
mice treated with mixtures of noise, Pb, and Cd, compared to mice exposed singly to 105 dB noise. 
ABR peak and latency 
ABR waves I, II, III, IV, and V amplitudes and latencies were analyzed as well as inter-peak I-II, 
I-III, I-IV, and I-V. Preliminary findings did not show significance of any wave peaks or latencies 
in the highest treatment groups compared with controls, so we did not pursue further deeper 
analysis. No significant differences from the control group were found among mice treated with 3 
mM Pb or 300 μM Cd.  
DPOAE thresholds 
DPOAE amplitude shifts at 32 kHz among the Pb, Cd, 105 dB, Pb+Noise, and Cd+Noise groups 
were similar to those seen in ABR at 32 kHz (Table II-3). DPOAE shifts among Pb and Cd 
treatment groups were not significantly different from zero, and mean differences of amplitude 
shifts among noise-exposed mice were not significantly different. Mice exposed to noise displayed 
significantly higher threshold shifts than mice treated with Cd and Pb. One mouse in the noise-
only exposure group did not experience a DPOAE threshold shift; this created a larger SD in this 
group compared to other treatment groups. DPOAE amplitude shift averages for Pb+Noise [28 ± 
9.5 dB SPL] were similar to Cd+Noise [26 ± 11.7 dB SPL] and not significantly different. 
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Tissue assessment 
Blood levels of metals 
Pb blood levels at sacrifice were not altered by addition of noise or Cd treatment. No mice from 
control or Cd treatment groups had detectable levels of Pb while all mice treated with Pb had 
detectable levels of Pb in their blood. Blood Pb levels were significantly different among the three 
Pb-only treatment groups (Table II-4). The mean blood Pb levels across the combination exposure 
groups (using 3 mM Pb) were not significantly different from each other or the single treatment of 
3 mM Pb. All mice treated with Cd had detectable levels of blood Cd. Three mice not in a Cd 
treatment group (one control, two exposed to Pb only) had a detectable level of blood Cd. Blood 
Cd levels differed significantly among the exposure groups (Table II-4 and Figure II-5).  
In combination treatment, Pb levels were unchanged in mice concurrently exposed to Cd (Figure 
II-6). In contrast, mean levels of blood Cd in mice were altered by addition of Pb treatment, though 
not among noise-exposed animals (Figure II-5). Blood Cd levels for the 300 μM treatment were 
significantly decreased when combined with Pb exposures. Both the Cd+Pb groups and the 
Cd+Pb+Noise group exhibited significantly lower blood Cd levels than Cd treatments alone.  
Bones and cochleae 
All mice had detectable levels of Pb in their tibia and femur, though levels were 1,000-fold higher 
among the Pb treatment groups than non-Pb-groups. Only mice treated with Cd displayed 
detectable levels of Cd (Table II-5). Among Pb treatment groups, Pb bone levels in the femur were 
higher than those in the tibia. Mean femur Pb was significantly higher in the Pb-only group than 
the Cd+Pb group; however, this was not the case for tibia Pb. Bone Cd levels were not significantly 
different between Cd treatment groups.  
As with bones, detectable levels of Pb were found in all cochlear tissue and bone samples, while 
detectable levels of Cd were observed only in the cochlear tissue and bone of Cd treatment groups 
(Table II-6). Levels of cochlear Pb were not significantly different among non-Pb-treatment 
groups, and levels of cochlear Cd were not significantly different among non-Cd-treatment groups. 
 
Cochlear assessments 
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Significant cochlear hair cell losses were only seen in noise-exposed groups (Table II-7). 
Numerous outer hair cells were missing in the basal area of the cochlea among all noise exposure 
groups, while no outer hair cells were missing in the apex and mid ranges of all treatment groups. 
There was a dose-dependent rise in mean loss of basal hair cells with increasing noise exposure; 
mean levels were 3 ± 2, 6 ± 4, and 14 ± 17 hair cells missing for the 102, 105, and 108 dB exposure 
groups, respectively. Among combination noise and metal treatment groups, mean basal hair cell 
loss was highest in the Cd+Noise group [12 ± 10] and lowest in the Pb+Noise group [3 ± 2]; the 
Cd+Pb+Noise group fell between these [7 ± 5]. Inner hair cells were noted to be intact under all 
treatment conditions. 
 
General pathology 
Histology 
Only mice treated with Pb showed signs of kidney distress, but even the levels noted histologically 
were not indicative of major systemic health problems. Karyomegaly in the S3 tubular epithelium, 
which is known to be a characteristic lesion of Pb exposure in mice, was present in 91% of mice 
treated with 3 mM Pb alone, 86% of mice in the Cd+Pb+Noise group, and in 100% of mice in the 
Pb+Noise and Cd+Pb groups. Intranuclear inclusions were also present in the highest Pb treatment 
groups with similar proportions to karyomegaly. One mouse in the 108 dB Noise treatment group 
displayed both these lesions; that was the only mouse without Pb treatment found to exhibit these 
lesions. Karyomegaly was absent in the 0.03 mM Pb group and rare (13% of mice) in the 1 mM 
Pb group. No other lesions were characteristic of any treatment group. Mild (affecting under 10% 
of tubules in the tissue) tubular hyperplasia occurred in over 50% of animals in all but one 
treatment group and lesions observed displayed no regeneration or fibrosis. Mild hepatic lesions 
also presented in a wide range of treatment groups at low levels. Two control animals presented 
with both centrilobular or random degeneration and necrosis multifocal neutrophilic with 
mononuclear inflammation. All other groups had 0 to 2 mice with similar lesions; no dose-response 
patterns were noted. Histology data is shown in Table II-8. 
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Blood serum results 
Serum ALP levels at sacrifice tested at biologically relevant low levels in Cd treated mice at higher 
treatments (4 of 9, or 44 %, in the 300 μM Cd group, 3 of 9, or 33 %, in the Cd+Noise group, and 
1 of 12, or 8.3 %, among controls) though these levels were not significantly different from 
controls.  
Most mice showed total bilirubin counts below normal values of 0.12 to 0.58 mg/dL. At sacrifice, 
blood serum levels of creatinine, AST, ALT, and BUN were not always within the normal 
reference ranges but were not significantly different between treatment groups and did not show 
dose-response changes with increasing treatment levels. 
 
II.E: Discussion 
Previous studies exploring the ototoxic interaction of chemicals with noise have used rats [146]. 
An alternative animal model such as the mouse is increasingly important in modern research 
making up about 90% of species used today in animal studies and was thus selected. Molecular 
tools as well as transgenic strains render this model more versatile than any other species for 
research. In addition, exploration of interactions between genetic and environmental factors in 
mice offers a much more flexible and yet highly controlled experimental approach than does 
epidemiological modelling [147], and the relevance of this research can be increased even further 
through the use of transgenic mice mimicking human disorders [148]. 
In the CBA/CaJ adult mouse model presented here blood levels of Pb and Cd relevant to 
occupational situations in the US were achieved and simulated environmental exposures that occur 
in certain areas internationally. Although levels of Pb in the general environment decline in the 
US, higher levels may still be experienced in certain occupations and remain important to public 
health. Further, recent research suggests that exposure to noise (both occupational and 
recreational) may have more severe consequences than previously assumed [109]. Even low-level 
exposure that only initiates temporary threshold shifts in young but mature hearing systems may 
produce earlier and greater age-related HLs [149]. Globally, adults in low- and middle-income 
nations have high levels of noise exposures as well as high Pb and Cd exposures in both 
occupational and community settings [4,150].  
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With regards to occupational exposures to Pb, the current OSHA Permissible Exposure Limit for 
Pb exposures among workers is 50 μg/dl; in our study, the exposures achieved in the highest Pb-
exposed group was equivalent to 60 μg/dl. The levels of Cd in our highest-exposed mice (27 μg/L) 
were double the OSHA occupational limit (10 μg/L), and Cd exposures in combined treatment of 
Pb and Cd still resulted in levels above the same Cd OSHA limit. When environmental exposures 
are considered, levels in treated mice were above the updated CDC Community Action Limit for 
Pb (5 μg/dl) [151]. Even exposures below this CDC limit are coming under increasing scrutiny as 
research continues to demonstrate the importance of cumulative effects [152,153]. 
Our data appears to be the first study to test for Pb and Cd levels in the mouse cochlea. It was 
found that levels were detectable and similar to bone levels in the tibia and femur, though these 
were more similar for Cd than Pb. Mean Pb levels in the cochlea were 36% less than in the femur 
and 17% less than Pb in tibia. Detectable levels of Pb in non-Pb-treated mice were identified. This 
Pb exposure may originate from their feed, which contained detectable levels of Pb in our tests. 
Cd concentrations in bone and cochlea were not detectable in mice that were not treated with Cd. 
Most animals not exposed to Pb or Cd did not show detectable levels in their blood. However, 
three mice exposed to the control, or Pb alone showed detectable levels of Cd in their blood. All 
bone samples, regardless of Pb treatment status or not, showed detectable levels of Pb. 
Contamination in animal food has been previously shown as is a likely contributor to the few mice 
which showed detectable levels of Cd and an ongoing exposure to low levels of Pb [154,155]. For 
mice treated with a combination of Pb and Cd lowered concentrations of both Pb and Cd were 
observed in the femur and tibia; this is likely due to competing metal uptake. Cochleae from these 
mice were not tested for metals.  
Mixture-based research such as this is increasingly recognized as a critical area for epidemiological 
research. Therefore, our study included a thorough analysis of the ototoxicity of Pb and Cd in 
combination with noise. In agreement with previous investigations [156,157], noise exposures 
produced significant detriments to thresholds in nearly all mice, validating the model. In contrast, 
our study did not identify any significant differences in HL risk resulting from metal exposure, 
thus exposing a potential difference between developing and mature animals. It is also possible 
that Pb or Cd, are more ototoxic in humans, or that longer-term exposures are required in order to 
produce hearing deficits in older animals. 
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It is noteworthy that our model explored cochlear histology but did not investigate peripheral or 
central neurological damage that may disrupt auditory processing. Fortune and Lurie (2009) noted 
alterations to the superior olivary complex and normal monoaminergic expression albeit in 
developing mice [17]. These are exciting areas for future studies to examine as Pb treatment may 
well distort auditory temporal processes. Further, subthreshold damage at a young age might 
manifest as increased HL as the animals age [158]. A long-term follow-up would be an important 
contribution to our understanding of metal toxicity. 
The results of our study appear to disagree with two previously published studies that showed 
ototoxicity due to Pb exposure. The first used 6 monkeys, treated from birth to age 13, and pure 
tone thresholds to establish ototoxicity [130]. Results of this study demonstrated normal thresholds 
in three monkeys and lowered thresholds at high frequencies in three monkeys [130]. The second 
study investigated HL in Wistar rats exposed to 4 mg/kg Pb acetate by gavage for 30 days [159]. 
HL was demonstrated as an increased latency in the ABR peaks from I to V [159]. This was not 
found in analysis of ABR peaks within our study. Assuming the daily amount of water consumed 
by one 30 g mouse is about 4 ml [160], the Pb dose mice in our study received was about 82.67 
mg/kg, a higher level than given to the rats above. However, differences in absorption due to 
developmental exposure times, species differences, digestion times, and stress levels due to mode 
of administration may also alter this comparison.  
In contrast to Pb, Cd is not as well-studied. Kim et al. (2008) demonstrated ototoxic properties 
attributed to Cd. In vitro, over half of hair cells were apoptotic, detected through the use of TUNEL 
staining, following 24 hours direct exposure of organ of Corti explants from rats to Cd (10 μM) 
[161]. This study further explored the ABR threshold shifts in mice following 150 mg/L (1334 
μM) Cd in drinking water for 30 days. Thresholds of control mice at 32 kHz were near 30 dB and 
averaged near 55 dB following 30 days of Cd treatment. A likely reason for the discrepancy to our 
study is the dosing by Kim et al. (2008) which is over 4-fold higher than the levels administered 
in our study and should have resulted in comparatively higher serum levels [161]. Increases of 
ALP in mouse blood due to Cd treatment noted in our highest Cd treatment group were also 
observed previously [162]. 
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Conclusions 
This comprehensive study design with both positive (noise) and negative (water) controls confirms 
the findings of many previous studies regarding the severity and consistency of noise-related 
damage to auditory function [163,164]. For combination treatment, a similar strategy to studies on 
the interactions of styrene and noise was used [146,165]. To the best of our knowledge, our study 
is the first of its kind to use mice and had the longest treatment period of experiments of this type 
identified in a literature search. Therefore, this investigation offers a novel model for examining 
interactions within the auditory and vestibular [105] systems.  
It is significant that a CBA/CaJ adult mouse model was developed with blood levels of Pb and Cd 
relevant to human health in real-world mixture exposure settings. Interestingly, these mice did not 
demonstrate significant ototoxic effects of Pb or Cd singly or in combination. It is also important 
that throughout the chronic exposure all animals maintained good general health and only showed 
subtle pathological changes in renal parameters parallel to those seen in rodents [166] and 
comparable to observed renal outcomes in humans [167]. The use of this robust adult model might 
advance toxicology knowledge and research methods on mixed exposures.  
Future studies investigating ototoxicity of metals and possible interactions of chemical agents with 
noise need to further explore the complex pathways of signals and cell bodies in auditory neurons 
and ascending pathways for a more complete understanding of health outcomes due to ototoxicant 
interactions. Metals are known neurotoxicants [168,169]; it is not unreasonable that changes in 
auditory perception may be due to auditory synaptopathy, which may be aggravated by noise 
exposures [170], or central effects. One example of a chemical producing adverse effects in the 
brain stem following noise exposure is 1,3-dinitrobenzene [171]. Finally, it is possible that the 
CBA/CaJ mouse may not be sufficiently vulnerable to demonstrate effects potentially seen in more 
sensitive human populations. Species and strain differences are important and well documented 
variables in research and deserve further exploration. 
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II.F: Tables 
Table II-1. Description of treatment groups 
Group N 
Total 150 
Control (no Pb, no Cd, sham noise) 16 
 
Pb (no Cd, sham noise) 
3 mM 
1mM 
0.03 mM 
16 
8 
8 
 
Cd (no Pb, sham noise) 
300 μM 
100 μM 
30 μM 
 
 
16 
7 
6 
 
Noise (no Pb, no Cd) 
108 dB 
105 dB 
102 dB 
 
 
7 
15 
7 
 
300 μM Cd + 3 mM Pb (sham noise) 9 
3 mM Pb + 105 dB Noise (no Cd) 14 
300 μM Cd + 105 dB Noise (no Pb) 14 
300 μM Cd + 3 mM Pb + 105 dB Noise 7 
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Table II-2. Threshold shift averages (dB) and counts of shifts equal to or over 20 dB by treatment groups 
  32 kHz   8 kHz 
Treatment Group N Avg Shift  SD 
N Shifts 
≥ 20 dB   N 
Avg 
Shift  SD 
N Shifts 
≥ 20 dB 
Control 15 3.9 4.7 0  15 2.6 4.1 0 
           
Pb          
     3 mM  16 3.9 4.3 0  11 5.2 4.1 0 
     1 mM 8 6.6 5 0  8 12.75 5.6 2 
     0.03 mM  8 6.3 8.9 1  8 8.0 4.9 0 
           
Cd          
     300 μM  16 4.5 5.3 0  11 4.6 3.5 0 
     100 μM  6 5.5 3.3 0  5 9.4 5.6 0 
     30 μM  6 7.8 4.4 0  6 10.7 6.7 0 
           
Noise          
     108 dB 6 41.0 18.8 5  6 25.2 16.5 3 
     105 dB 15 42.2 13.5 14  10 21.4 11.3 5 
     102 dB 7 15.3 6.5 1  7 13 3.3 0 
           
Mixtures          
     300 μM Cd + 3 mM Pb  9 0.8 3.5 0  9 3.1 3.4 0 
     3 mM Pb + 105 dB Noise  14 38.9 12.3 13  9 16.6 8.2 2 
     300 μM Cd + 105 dB Noise 14 39.3 8 14  9 23 11.5 6 
     300 μM Cd + 3 mM Pb + 105 dB Noise 7 29.6 18 5   7 15.7 7.8 2 
 35 
Table II-3. DPOAE average amplitude shifts (dB) and matched ABR threshold shifts (dB) at 
32 kHz 
  Threshold Shifts               Amplitude Shifts 
Group N ABR  SD DPOAE  SD 
Pb 5 2 3.1 -1.1 2.6 
Cd 4 0.5 2.5 0.6 0.9 
Noise 5 42.2 21.0 -21.9 15.7 
Pb+Noise 5 45.8 4.3 -27.7 9.5 
Cd+Noise 5 37.8 7.3 -26.1 11.7 
 
Table II-4. Concentrations of metals in blood by treatment group 
Treatment Group N 
Whole Blood Metals 
Pb (μg/dL)^ Cd (μg/L)^^ 
Avg SD Avg SD 
Control 16 ND - ND* - 
       
Pb      
    3 mM 11 60.1 6.6 ND - 
    1 mM 8 38.5 4.9 ND** - 
    0.03 mM 8 2.89 0.44 ND*** - 
       
Cd      
    300 μM  12 ND - 27.2 4.1 
    100 μM 7 ND - 6.37 0.87 
    30 μM 6 ND - 1.3 0.23 
       
Noise      
    108 dB 7 ND - ND - 
    105 dB  10 ND - ND - 
    102 dB 6 ND - ND - 
       
Mixtures      
    300 μM Cd + 3 mM Pb 9 57.8 2.2 16.2 1.2 
    3 mM Pb + 105 dB Noise 9 57.0 3.9 ND - 
    300 μM Cd + 105 dB Noise 9 ND - 24 2.9 
    300 μM Cd + 3 mM Pb + 105 dB Noise 7 58.9 3.9 16.7 1.8 
^Detection limit is 0.5      
^^Detection limit is 0.25      
*One sample above DL: 0.26      
**One samples above DL: 0.32      
***One sample above DL: 0.27      
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Table II-5. Concentrations of metals (mg/kg) in bone 
   Femur  Tibia 
   Pb  Cd  Pb  Cd 
Treatment Group N  Avg SD  Avg SD  Avg SD  Avg SD 
Control 5  0.16* 0.14  ND** -  0.16 0.06  ND - 
3 mM Pb 12  287 45  ND^ -  216 51  ND - 
300 μM Cd 11  0.13^^ 0.01  0.27 0.03  0.18 0.04  0.23 0.03 
300 μM Cd + 3 mM Pb 9  236 24  0.26 0.02  207 23  0.21 0.02 
 
*All five samples run in control groups showed levels of Pb were detectable and above the limit of 
detection of 0.05 mg/kg 
**All five samples in control groups showed levels of Cd were below the limit of detection of 0.05 
mg/kg. 
^Two femur and tibia samples run in Pb treatment groups showed levels of Cd were below the limit 
of detection of 0.05 mg/kg. Results were similar to control levels. 
^^Two femur and tibia samples run in Cd treatment groups showed levels of Pb were detectable and 
above the limit of detection of 0.05 mg/kg. Results were similar to control levels. 
  
 
 
Table II-6. Concentrations of metals (mg/kg) in cochlea and adjoining tissue 
   Cochlea 
    Pb  Cd 
Treatment Group N  Avg SD  Avg SD 
105 dB Noise 5  0.250 0.153  ND* - 
3 mM Pb 5  185.0 34.9  ND* - 
300 μM Cd 4  0.228 0.04  0.287 0.066 
 
*All Pb treatments and Noise treatment groups had levels of Cd that were not detectable at the limit of 
detection of 0.05 ppm or mg/kg. 
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Table II-7. Cochlea cytogram missing outer hair cell counts 
   Apex  Middle  Base  
Treatment Group N  Avg SD  Avg SD  Avg SD  
Control 15  0.2 0.2  0.2 0.3  0.3 0.4  
3 mM Pb* 11  0.2 0.2  0.3 0.2  0.1 0.1  
300 μM Cd* 12  0.2 0.3  0.2 0.2  0.2 0.2  
102 dB Noise 7  0.2 0.2  0.3 0.3  3.1 2.3  
105 dB Noise* 10  0.2 0.2  0.4 0.2  5.8 4.4  
108 dB Noise 8  0.3 0.1  1.6 2.6  13.8 16.7  
Cd+Pb 9  0.1 0.3  0.2 0.2  0.7 1.2  
Pb+Noise 9  0.3 0.3  0.3 0.3  2.9 2.3  
Cd+Noise 9  0.2 0.1  0.5 0.4  11.6 9.6  
Cd+Pb+Noise 6  0.1 0.1  0.3 0.3  7.3 5.0  
*Group treatment levels used for mixtures (3 mM Pb, 300 μM Cd, & 105 dB Noise)
 38 
Table II-8. Histology data in counts of mice with observed lesions 
   Renal Lesions  Hepatic Lesions 
Treatment N  THP  KM  TD  MII  FM  INI  
ANY 
RENAL 
LESION  DGN  MFI  
ANY 
HEPATIC 
LESION 
Control 16  9  0  4  0  0  0  9  2  2  2 
102 dB Noise 7  5  0  2  1  0  0  6  1  2  2 
105 dB Noise* 10  9  0  5  1  0  0  9  1  1  1 
108 dB Noise 7  3  1  4  1  0  1  4  0  0  0 
30 μM Cd 6  4  0  2  0  0  0  4  0  0  0 
100 μM Cd 7  6  0  4  1  0  0  6  1  1  2 
300 μM Cd* 12  9  0  6  1  0  0  9  1  1  1 
Cd+Noise 9  5  0  0  0  0  0  5  0  0  0 
0.03 mM Pb 8  8  0  3  0  0  0  8  1  1  1 
1 mM Pb 8  7  1  4  0  0  1  7  2  2  2 
3 mM Pb* 11  9  10  6  0  0  10  11  0  0  0 
Pb+Noise 9  8  9  1  0  4  8  9  0  1  1 
Cd+Pb 9  7  9  1  0  0  9  9  0  1  1 
Cd+Pb+Noise 7  6  6  0  0  2  6  7  0  0  0 
*Group treatment levels used for mixtures (3 mM Pb, 300 μM Cd, & 105 dB Noise) 
DGN - degeneration and necrosis, centrilobular and random 
FM - focal mineralization 
INI - intranuclear inclusions 
KM - karyomegaly, tubular epithelium, S3 
MFI - multifocal neutrophilic and mononuclear inflammation 
MII - mononuclear interstitial inflammation 
TD - tubular degeneration 
THP - simple tubular hyperplasia 
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II.G: Figures 
 
Figure II-1. Timeline of exposures and treatments along with corresponding age of mice 
 
 
 
Figure II-2. Mean and standard deviations for ABR threshold shifts at 8 kHz for single 
treatment and mixture groups with 3 mM Pb, 300 μM Cd, and 105 dB 
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Figure II-3. Mean and standard deviations for ABR Threshold shifts at 16 kHz for single 
treatment and mixture groups with 3 mM Pb, 300 μM Cd, and 105 dB 
 
Figure II-4. Mean and standard deviations for ABR Threshold shifts at 32 kHz for single 
treatment and mixture groups with 3 mM Pb, 300 μM Cd, and 105 dB 
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Figure II-5. Blood Cd levels (μg/L) by treatment groups for single treatment and mixture 
groups with 3 mM Pb, 300 μM Cd, and 105 dB 
 
 
Figure II-6. Blood Pb levels (μg/dL) by treatment groups for single treatment and mixture 
groups with 3 mM Pb, 300 μM Cd, and 105 dB 
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CHAPTER III: Toxic and essential elements from newborn dried blood spots associated 
with abnormal hearing screening outcomes: a case-control study  
III.A: Abstract 
Although toxicant metals have been associated with hearing loss in children and adults, little is 
known about the role of prenatal exposure to metals in hearing health in neonates. This case-control 
study explored the relationship between newborn hearing test outcomes and neonatal blood levels 
of two non-essential metals, lead and methylmercury (MeHg), along with six essential elements 
(calcium, copper, iron, potassium, selenium, and zinc). Data were obtained from Michigan State 
surveillance programs for 338 infants with an abnormal hearing screening result and 338 infants 
with a normal hearing screening result, matched by birth year, sex, and race. Elemental levels in 
the newborn dried blood spots were determined by Total Reflection X-Ray Fluorescence and cold 
vapor atomic fluorescence spectrometry. Conditional logistic regression models were used to 
estimate odds ratios (ORs) and 95% confidence intervals (CI) for the risk of abnormal hearing 
screening result. Borderline significance was shown for MeHg as a continuous variable (OR=1.23, 
95% CI: 0.99-1.53). A significant trend (p=0.03) was observed for quartile analysis. The odds of 
a hearing screening failure were significantly higher in the highest quartile of MeHg compared to 
the lowest quartile (OR=1.81 95% CI: 1.01-3.24). A statistically significant association was found 
between blood spot calcium levels and decreased odds of hearing screening failure (OR=0.49, 95% 
CI: 0.34-0.70). Lead and other essential elements were not significantly associated with odds of 
hearing screening failure. Potassium and iron alone were not associated with hearing screening 
failures, whereas when introduced in a model with calcium both potassium and Iron became 
significant predictors, though increasing levels of both potassium and Iron were associated with 
higher odds of hearing screening failure (potassium: OR=1.47, 95% CI: 1.11-1.93; Iron: OR=1.43, 
95% CI: 1.10-1.86). These results remained unchanged in sensitivity analyses of using only cases 
with bilateral hearing loss screening failures. A significant multiplicative interaction was found 
between selenium and zinc (selenium: OR=0.51, 95% CI: 0.27-0.93; zinc: OR=0.38, 95% CI: 0.19-
0.75; selenium ´ zinc: OR=1.32, 95% CI: 1.08-1.61). The best model included MeHg, calcium, 
 43 
iron, selenium, zinc and a selenium ´ zinc interaction term (likelihood ratio test=45, p=5e-8). 
These findings, though they must be interpreted with caution, suggest that neonatal blood calcium, 
potassium, and iron levels may be important determinants of hearing health, though further studies 
are warranted to understand the physiological mechanisms. The study demonstrated that MeHg 
appears to be a risk factor for hearing in the developing auditory system, and that newborn blood 
spots represent a novel metric for assessing infant environmental exposures.  
 
III.B: Introduction 
Globally, in 2016, all types of hearing loss (HL) collectively were the third top cause of years lived 
with disability, contributing to estimates as high as 51 million years lived with disability [172]. 
Loss of hearing has a profound impact on health and quality of life, and is associated with a wide 
variety of adverse social, psychological, educational, and occupational outcomes [110]. HL in 
children and young adults is of great concern due to impairment of intellectual development. Even 
mild losses in children are associated with poorer speech perception and significantly lowered 
performance on basic skills tests [173]. Children with HL are also likely to have additional health 
and social disparities [174]. 
A number of exposures to biological, chemical, and physical hazards are known to cause HL, 
including noise [175] and certain pharmaceuticals [114]. Cytomegalovirus is also a cause of HL 
cases prenatally [176,177]. However, recent research has identified a new potential source of HL: 
environmental and occupational exposure to non-essential metals, including lead and mercury 
[116]. The mechanism of this toxicity has not been elucidated, but lead has been implicated as 
ototoxic in animals [52,53], as well as in human adults [57,73] and adolescents [56]. Mercury may 
also have ototoxic effects in animals [178] and human adults [179,180].  
Essential elements may also play a role in hearing health, either by enhancing auditory cellular 
processes or by counteracting adverse effects of toxic metals. Higher intakes of calcium, iron, and 
zinc have been associated with lower lead absorption by infants [181]. Selenium is an essential 
element that is known to mitigate mercury toxicity [182]. Healthy diets and essential metal nutrient 
intake have also been linked to hearing health [183,184]. Deficiency from dietary zinc, an essential 
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element, has been shown to raise hearing thresholds at high frequencies in mice [185]. Iron 
deficiencies have also been shown in human adults to be associated with sudden sensorineural HL 
[186]. However, to our knowledge, the role of prenatal exposure to toxic metals and essential 
minerals and their potential interactions in the developing hearing system has never been explored. 
This is likely due to the difficulty of assessing exposures during this vulnerable developmental 
stage.  
As part of neonatal health screening programs, newborn dried blood spots (NDBS) are collected 
to help reduce mortality or morbidity in newborns or children having, or being at risk for, heritable 
disorders [187]. Over the past decade there has been increasing interest in using residual NDBS to 
gauge early life exposures to various agents, such as toxic metals and essential elements [188]. In 
addition to NDBS-based screening, many jurisdictions also perform hearing tests on newborns, 
thus offering a great opportunity to link datasets for exploratory research into prenatal health 
impacts.  
NDBS samples and hearing screening tests are required of all newborn infants born in Michigan 
before they leave the hospital. Between 2004 and 2008 98% infants born in Michigan completed 
an initial hearing screening. Failure of the screening test leads to a referral for further hearing 
testing. From 2004-2008, there was a prevalence of 1.3 per 1,000 births for any permanent HL; for 
bilateral HL, the rate was 1 per 1,000 births. These rates are similar to national averages from 
states responding to the National CDC early hearing detection and intervention (Michigan Early 
Hearing Detection and Intervention and Michigan Department of Community Health, 2011; 
Michigan Early Hearing Detection and Intervention and Michigan Department of Community 
Health, 2013). 
The State of Michigan has a long history of concern over exposures to toxic metals, and especially 
lead and mercury. The geographic focus of this study, Southeast Michigan, includes numerous 
sources of environmental metals contamination and legacy and ongoing industrial pollution and 
automobile and rail traffic, and has historically shown high levels of blood lead among monitored 
children [191]. For example, elevated blood lead levels have been documented in children in 
Detroit and throughout Michigan [20,192], and the water crisis in Flint has renewed and escalated 
these concerns [22]. Methylmercury pollution is of on-going concern in the Great Lakes region 
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with the major source to human populations being the consumption of contaminated fish [193]. In 
the 2011 National Listing of Fish Advisories, the entire State of Michigan had an advisory, mainly 
due to methylmercury contamination [194].  
While newborns across Michigan may be exposed to elevated levels of lead and methylmercury, 
and studies suggest links between these elements and adverse hearing outcomes, direct evaluation 
of these potential associations is challenging. Due to the opportunities presented by elevated lead 
exposures and Michigan’s historical data in NDBS, we have been able to explore the effects of 
these exposures in a novel fashion. This paper describes a case-control study to assess the 
associations of essential and non-essential metals in NDBS with failures of infant hearing 
screenings.  
 
III.C: Methods 
Prior to the start of our research, we obtained Institutional Review Board approval from four 
institutions: The University of Michigan, the Michigan BioTrust for Health Scientific Advisory 
Board, the Early Hearing Detection and Intervention (EHDI) Program, and the Michigan 
Department of Health and Human Services (MDHHS, formerly called the Michigan Department 
of Community Health). 
All NDBS samples, collected within 48 hours after birth, are maintained by the Michigan Neonatal 
Biobank (MNBB) and represent a measure of prenatal exposure to environmental contaminants. 
The EHDI program within the MDHHS tracks newborn hearing screening tests, administered to 
all infants born in Michigan since 2003 [189]. These tests, also collected shortly after birth (usually 
within 24 hours), provide a snapshot of hearing ability separately in both the left and right ears 
prior to any substantial postnatal noise exposure. The hearing test data are collected using multiple 
methods, depending on the preference of the hospital. These include auditory brainstem response 
(ABR), automated ABR, distortion product otoacoustic emissions, and rarely transient evoked 
otoacoustic emissions. These tests, when used in a hearing screening context, do not provide 
quantitative measurements, but instead indicate a normal or abnormal hearing test outcome. 
Information available from the newborn screening cards linked to the MNBB and EHDI data 
include: birth year, hour of birth, birth weight, gestational age, single or multiple birth, Neonatal 
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Intensive Care Unit (NICU) or Special Care nursery, transfusions, race/ethnicity, as well as 
mother’s city of residence.  
 
Data set and demographics 
All data were integrated and subsequently de-identified at the MNBB before being delivered to us 
for analysis. Two datasets of NDBS punches from newborns born in Michigan were analyzed 
separately and together; the two datasets resulted from the two grants, obtained at different times, 
that supported this research. The first dataset consisted of 100 matched pairs of cases and controls 
(N=200 newborns); cases and controls were matched by birth year (2004-2007), sex, race, 
mother’s city of residence, and birth hospital. The second data set consisted of 238 matched pairs 
of cases (defined in the same way as set 1) and controls (N=476 newborns). In the second set, 
matching was performed using birth year in two-year intervals (2003-2004, 2005-2006, 2007-
2008, 2009-2010, 2011-2012, 2013-2014 and 2015), sex, and race (white, black or other). The 
matching criteria for this second set were reduced in order to increase the available sample of 
newborn HL cases without creating potentially identifiable subjects. 
Both sample sets were drawn from the Detroit-Warren-Flint Consolidated Statistical Area, which 
accounts for 54% of state population [195]. Infants who spent time in a NICU or special care 
nursery were excluded from our sample, as these infants may have incurred HL after time spent in 
an incubator prior to their hearing screening test [196]. The EHDI surveillance program confirmed 
abnormal hearing screening cases for all data, either as a failure at the initial screening with a 
subsequent abnormal hearing assessment, or a failure at screening with no subsequent information 
provided (failures with no follow up were treated as confirmed). EHDI provided us with a de-
identified demographic information dataset.  
 
Metal levels in NDBS  
Laboratory NDBS analyses required 80 mm2 of dried blood per subject, or nine 1/8th inch diameter 
blood spot punches per subject (with each 1/8th inch punch being roughly 8 mm2). These samples 
were prepared and de-identified by MDHHS. They were shipped and stored in polypropylene bags. 
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Novel laboratory methods involving total reflection x-ray fluorescence (TXRF) with a S2 
PICOFOX (Bruker AXS Microanalysis GmbH, Berlin) were developed [197] to evaluate the 
essential and non-essential elements in the NDBS punches. NDBS were handled in a Class100 
ISO clean hood. For elemental analyses of lead, calcium, copper, iron, selenium, and zinc via 
TXRF, a 1/8” punch was taken from a NDBS and placed into an acid-washed microcentrifuge tube 
to which 15 μL of concentrated HCl and 5 mmol EDTA was added. The sample was vortexed and 
then digested for 1.5 hours at 55 C. Following the digestion, the sample was centrifuged for 15 
minutes at 25 C and 12,000 rpm. An 8 μL portion of the extraction fluid was removed into a second 
microcentrifuge vial, to which was added 4 μL of a solution containing gallium (internal standard), 
lead (spike), and polyvinyl alcohol. This solution was mixed, and an aliquot was placed onto an 
RBS™-conditioned quartz disc and allowed to dry before TXRF analyses. Samples were read for 
2,500 seconds, after which the results were analyzed using the instrument’s software. The TXRF 
approach used here had an analytical accuracy of 77-116% and precision of 12-25% for the 
analytes lead, calcium, copper, iron, selenium, and zinc by testing against seven different blood 
standard reference materials from which NDBS were created. The resulting data overlapped nearly 
completely with the expected reference range values. Analyte digests were also analyzed for 
methylmercury via a GC-CVAFS unit (Tekran 2700, Tekran Instruments Corporation, Toronto) 
[198]. To standardize the data, and act as a negative control, a nearby punch unspotted with blood 
was taken from the sample card.  
 
Statistical analyses 
The demographic and metals datasets were merged and imported into R for statistical analysis 
(version 3.5.1; The R Foundation for Statistical Computing). Descriptive statistics were computed 
to evaluate the demographics and NDBS datasets and evaluate potential outliers. For paired cases 
and controls, when metals data was missing for one of the pairs, it was removed for the other 
member of the pair. One control (and its paired case) were removed from the dataset due to 
consistently having the highest levels (values ranged from 2-23 times higher than the next highest 
sample) of all metals analyzed by TXRF. One sample was lost during laboratory analysis. 
Visualization tools (e.g., histograms and boxplots) and correlation coefficients were used to assess 
data distributions and bivariate relationships. Non-normally distributed variables were log-
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transformed and reported in terms of geometric mean and geometric standard deviation. Negative 
values were used in analyses based on quartiles. Quartiles were created by dividing the range of 
values for each element in the set of control data into four equal segments. Conditional logistic 
regression modeling was used to estimate the odds ratios (OR) and 95% confidence intervals (CI) 
for newborn hearing screening failure associated with blood levels of contaminants (lead and 
methylmercury) as well as nutrient levels (calcium, copper, iron, potassium, selenium, and zinc). 
All models were conditioned on matching factors (birth year, sex, and race). Conditional logistic 
regression was run with the survival package in R. Other subject-specific variables (i.e., gestational 
age, single or multiple birth, and transfusions) were included in subsequent models as covariates.  
In addition, to investigate potential effect modification, interaction effects were evaluated between 
lead or methylmercury and essential elements, as well as two or more essential metals, on the odds 
of having a newborn hearing screening failure. Sensitivity analyses were conducted on the subset 
of cases with bilateral HL, as exposures to these metals would not be expected to affect just one 
ear selectively during development in utero. Models with logarithmic transformation of Pb and Hg 
were explored. Factor analysis and principle component analysis was also used to analyze 
significant predictor groups. 
 
III.D: Results 
Demographics 
The majority of newborns in the overall sample were white (69%), male (55%), non-Hispanic 
(65%), and full-term (91%) (Table III-1). The majority (74% for cases and controls combined) of 
all final hearing screening tests were conducted using automated auditory brainstem response 
(AABR). Cases were more likely to be screened with distortion product otoacoustic emissions 
(DPOAE) (28%) than controls (15%). The majority (64%) of cases of hearing screening failures 
were bilateral (i.e., failure in both right and left ears).  
In addition to the overall sample, demographic characteristics are shown by dataset in Table III-1. 
Dataset 1 was obtained first and represents older data, with the majority of the sample born during 
2005-2006 (43%). Over half of set 2 was born during 2007-2010 (51%), and these years represent 
 49 
45% of our data set in total. The majority of newborns were white (68% for Set 1 and 69% for Set 
2) and male (51% and 56%, respectively) in both data sets. Babies who were black were more 
heavily represented in set 1 (23%) over set 2 (16%), and other racial groups were represented more 
heavily in set 2 (15%) over set 1 (9%). Mothers reported smoking in 15% of cases and 12% of 
controls overall, with similar fractions in set 1 (14% for cases and 8% for control) and set 2 (16% 
and 14%, respectively). However, set 2 had a much larger percentage of unknown smoking status 
overall for the mother (21%) compared to set 1 (2%).  
The geographical distribution of newborns in sets 1 and 2 is provided in Table III-2. For set 1, data 
were available regarding mother’s residence city and birth hospital and for set 2, only residential 
county information was available. The most common cities of maternal residence for newborns in 
set 1 were Detroit (Wayne county) and Ann Arbor (Washtenaw county), and the most common 
counties of residence for set 2 were Wayne and Oakland.  
 
Metal levels in NDBS 
Geometric mean and standard deviation concentrations of the eight measured NDBS analytes are 
shown in Table III-3, both for the overall dataset (III-3A) and stratified by datasets 1 (III-3B) and 
2 (III-3C). Concentrations of lead were much higher in set 1 than in set 2, likely reflecting the 
higher fraction of blood lead concentrations measured after 2008 in set 2 compared to set 1 and 
the generally downward trend in mean blood lead concentrations over time (Figure III-1). NDBS 
concentrations of nearly all analytes were higher in set 1 than in set 2, with the exception of blood 
methylmercury. These results did not differ substantially when the analysis was restricted to 
bilateral cases of HL only (data not shown). In both datasets, cases had higher, though not 
significantly higher, levels of lead, copper, iron, potassium, and selenium. Controls had higher 
levels of calcium and zinc across both data sets. Levels of methylmercury were higher in controls 
for set1 and in cases for set 2. Concentrations of copper were significantly (p = 0.04) higher in 
cases compared to controls in set 1, but not in set 2 or overall. Concentrations of calcium were 
significantly higher in cases than controls in set 2 (p = 0.04) and overall (p = 0.03). No other 
significant differences were noted between cases and controls.  
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Odds of hearing screening failure 
Toxicant metals: Lead and methylmercury 
ORs for newborn hearing screening failure across both toxic metals, as well as the essential 
elements for univariate analysis, are shown in Table III-4. Methylmercury was found to be 
significant risk factor for cases with unilateral HL and has borderline significance as a risk factor 
in the overall dataset. Lead had a large confidence interval and borderline significance as a risk 
factor for unilateral HL. No subsets of the data by gender or race indicated blood lead levels as a 
risk factor for newborn hearing screening failure. 
Table III-5 shows the results of conditional logistic regression modeling of the OR of a newborn 
hearing screening failure associated with lead and methylmercury exposure independently, both 
adjusted and unadjusted for a number of covariates. The results for the lead models (Table III-5A, 
Models 1-5) consistently indicate elevated but non-significant odds of a newborn HL for newborns 
in the highest quartile of lead exposure. The results of the methylmercury models (Table III-5B, 
Models 6-10) all show significant or borderline significant dose–response trends across increasing 
quartiles of exposure. Models 6 and 8 show methylmercury blood levels as a significant risk factor, 
with increased odds ratios for the highest quartile compared to the lowest. For methylmercury, 
protective effects were seen for all second quartile levels of methylmercury, and the third quartile 
for levels of methylmercury adjusted for blood levels of calcium (Model 7). The results presented 
in Table 4 did not differ substantially when the analysis was restricted from all cases of HL to 
bilateral cases only (data not shown). 
Effect modification was assessed by including elements into models with toxic metals to examine 
the impacts on OR and significance. Methylmercury’s effect increased when it was considered 
with four other essential elements were added to the model: calcium, copper, selenium, and zinc. 
The methylmercury ORs were only significant when considered with calcium (Table III-5B, 
Model 7: OR=1.31 95% CI: 1.03-1.65). Calcium also remained a significant protective factor in 
this model (OR=0.47, 95% CI: 0.33-0.68). The same essential elements increased the effect of lead 
as a continuous variable in additive models, but lead never reached statistical significance. Lead 
became a borderline significant risk factor when copper and zinc were included in the model. 
Multiplicative interactions assessed by adding an interaction term for either lead or methylmercury 
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and the essential element tested to additive models revealed no significant interactions. Models 
with logarithmic transformation of lead and methylmercury did not reveal significant findings for 
lead or methylmercury. Factor analysis and principle component analysis did not reveal any 
significant predictors for combinations of toxic metals or essential elements (data not shown). 
Essential elements: Calcium, copper, iron, potassium, selenium, and zinc 
Figure III-2 displays scatterplots (with least squares fitted lines) and correlations (with p-values) 
for three essential elements: calcium, iron, and potassium. Normal distributions were observed for 
iron and potassium, whereas the distribution for calcium was skewed right. Correlations ranged 
from weak (calcium and iron) to strong (iron and potassium), but all were highly significant.  
ORs for a newborn hearing screening failure associated with individual essential elements by 
increase in interquartile range are shown in Table III-4B. Calcium consistently showed a protective 
effect for both data sets, both sexes, white race, and both unilateral and bilateral screening failures. 
Higher levels of iron were associated with an increased risk of newborn HL across all examined 
subsets. Iron showed increased ORs for newborn HL significant among males, but not females. 
The OR for iron levels in black newborns approached significance, as did the OR for iron levels 
for all data. Increasing levels of potassium showed non-significant protective effects for females 
and the white racial group; however, all other subsets of the data showed non-significantly 
increased risk for HL with increased potassium levels. No other metals analyzed showed 
significant OR across any data subsets except copper, which did show increasing levels of copper 
associated with increasing likelihood of HL for data set 1 (OR=1.70, 95% CI: 1.05-2.78). 
The best-fitting conditional logistic regression models with essential elements and additive 
interaction effects are shown in Table III-6 (Models 11-17) with ORs for continuous variables as 
well as for quartiles with the lowest quartile for reference. These models included calcium alone, 
iron alone, potassium alone, calcium and iron together (Ca+Fe) and calcium and potassium 
together (Ca+K) (Models 11-15 respectively). Models 16 and 17 include a model with calcium, 
iron, and potassium as well as mother’s smoking status. Calcium consistently showed a significant 
protective effect against newborn hearing screening failure and was most protective in Model 15 
(Ca+K). Iron and potassium were significant when considered with calcium in Models 14 and 15 
(Ca+Fe and Ca+K, respectively), and insignificant when calcium was not included (Models 12 and 
 52 
13, respectively). Interaction terms for calcium, iron, and potassium when one or more predictors 
were included in these models were not found to be significant, though the model with an 
interaction term for calcium and iron showed a slightly higher protective effect against newborn 
HL (OR=0.34, 95% CI: 0.14-0.82) for calcium (data not shown). The detrimental effects of iron 
at higher levels were reduced to non-significance in this model. 
When the analysis was restricted to bilateral HL cases, the number of available cases and their 
matched controls was reduced from 672 to 428. The models described above were re-run in this 
restricted dataset and are shown in Table III-7 (models 18-24). Calcium remained protective and 
significant in both Model 11 and 18 and increasing levels of iron remained a risk factor in Model 
12 and 19. Iron was borderline significant in Model 21 (Ca+Fe). Therefore, model Ca+Fe, shown 
in models 14 and 21, was selected as the best model from our analysis, as this model showed 
consistency across the entire data set and the bilateral case subset (likelihood ratio test = 18 for 
bilateral failures and 29 for all types of failures).  
Potential effect modifications were assessed for calcium. All other elements (both essential and 
non-essential), except for zinc, made calcium a protective when included in bivariate models (data 
not shown). Interactions were also assessed for essential elements and three significant 
multiplicative interactions were discovered: selenium-zinc, copper-zinc, and calcium-copper. 
Including both of these pairs of elements in additive models did not show significance until the 
multiplicative factor was introduced. All predictors in the zinc-selenium models were significant 
(N=650, selenium-zinc: OR=1.32 95% CI: 1.08-1.61). These predictors remained significant when 
this model was explored in only bilateral cases (N=410, selenium-zinc: OR=1.49 95% CI: 1.12-
1.97). Interaction terms OR and CIs were borderline significant for copper-zinc (OR=1.09 95% 
CI: 0.99-1.20) and calcium-copper (OR=1.12 95% CI: 1.00-1.26). These two models lost 
significance when restricted to bilateral HL cases only. 
One final set of models (Table III-8) was run combining the significant predictors of calcium and 
iron along with the significant selenium-zinc interaction term. These models were run with and 
without methylmercury (Table III-8). All terms were significant predictors for this model and each 
essential element was protective except iron. When data were restricted to bilateral cases, iron was 
no longer significant, though all other terms in the model remained significant and protective. 
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When methylmercury was included in this model, it was significant in all types of hearing failures, 
however it fell out of significance when included in the model with only bilateral cases. 
 
III.E: Discussion 
Our case-control study is the first study in infants to investigate levels of lead and methylmercury 
associated with abnormal hearing screenings. To do so, we created a connection between existing 
NDBS samples and existing hearing screening data. Previous studies have shown both lead and 
methylmercury to be developmental toxicants [199]. In agreement with these previous findings, 
we observed a significant increase in the odds of hearing screening failure for newborns in the 
highest quartile of methylmercury compared to the lowest quartile. A significant trend of 
increasing odds ratios across methylmercury quartiles was also observed. However, the 
continuously-modeled exposures alone only reached borderline significance. No associations with 
hearing screening failures were established for lead. We also found that higher calcium levels were 
associated with lowered odds of an abnormal hearing screening. This association with calcium was 
significant in both males and females (males OR=0.52, 95% CI 0.31-0.88; females OR=0.46, 95% 
CI 0.28-0.77), white infants (OR=0.46, 95% CI 0.30-0.72), and in cases of bilateral HL (OR=0.48, 
95% CI: 0.30-0.75). This significant protective effect of higher levels of calcium remained across 
all logistic regression models. 
 
Toxicant metals and HL 
Mercury exposures, usually measured as the biologically more toxic form of methylmercury [200], 
have previously been documented to lead to HL. Delayed brainstem auditory evoked potentials of 
14 year old children from the Faroe Islands were shown to be associated in with higher levels of 
methylmercury in their umbilical cord blood [201]. In Ecuadorian children exposed to mercury in 
artisanal gold mining contexts, level of mercury were correlated with hearing thresholds at 3 kHz 
[87]. Developmental exposures to methylmercury produced lowered thresholds in monkeys that 
was not evident until adulthood [202]. However, not all studies of human adolescents and adults 
[56,203] and children [204] have shown ototoxic effects. 
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Previous studies in mice have shown that in utero lead exposures can alter processing pathways in 
the auditory system in mice [16–18]. Monkeys treated with lead during development have also 
demonstrated alterations in auditory brainstem response and auditory thresholds [205–207]. In 
humans, lead levels have been shown to be associated with impaired auditory brainstem response 
as well as increased thresholds across both high and low frequencies [208]. Blood lead levels have 
also been shown to be associated with higher thresholds in adolescents in the US [56]. In contrast 
to these previous findings, this study did not indicate that lead levels in whole blood were 
significantly associated with failures of infant hearing screenings, though they did consistently 
show non-significant increases in the highest quartile of lead exposure.  
 
Essential elements and HL 
Our finding that low levels of blood calcium in newborns are associated with lowered odds of 
hearing screening failures does not appear to have been previously reported in the literature. 
However, hypocalcemia has been observed previously to be associated with poor general health 
in infants [209,210]. Calcium is absorbed from dietary sources, then absorbed into the blood, 
where calcium levels are tightly regulated. Calcium concentrations are extremely important in the 
auditory system, as imbalances of calcium in auditory cells and tissues can lead to temporary or 
permanent HL [211]. Dysregulation of calcium is also associated with age-related HL [212].  
Parathyroid hormone (PTH) disorders may be indicated by hypocalcemia, as PTH is needed to 
control levels of calcium in the blood. Hypocalcemia is symptomatic of DiGeorge’s syndrome (a 
genetic condition), associated with sensorineural HL, in which the parathyroid gland is completely 
or partially absent [213,214]. CHARGE syndrome (named for abnormalities in multiple systems: 
coloboma, heart, atresia choanae, retardation of growth, genitals, and ear) also has both 
hypocalcemia and HL symptoms [140]. As a protective effect of calcium, or increased blood 
calcium levels associated with less failure of a hearing screening, was demonstrated by our data, 
cases likely include individuals with CHARGE syndrome, or other syndromic diseases which 
decrease levels of calcium as well as the auditory system. Hypoparathyroidism has also been linked 
with sensorineural hearing disorders [215]. 
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In addition to PTH abnormalities, deficiency of vitamin D can cause lowered absorption of calcium 
and lowered blood calcium. Low levels of calcium in our sample could be linked to low levels of 
vitamin D, which has been observed in pregnant mothers in higher latitudes, especially in those 
with darker skin pigmentation [216,217]. Normal ranges of calcium are also essential to the 
development of a high functioning hearing system as well as vitamin D [218,219]. Complex 
neurocognition within the brain is also a necessity for normal auditory function, however, low 
levels of vitamin D during fetal development are associated with ongoing neurocognitive disorders 
at age eight [220].Vitamin D and calcium sensing is also essential to neuronal development 
[218,221,222].  
Vitamin D deficiency has previously been shown to be associated with HL [223]. Although not 
measured directly, vitamin D deficiency is a concern in this particular cohort. Vitamin D deficiency 
is noted especially at high latitudes similar to those in Michigan [224], in non-white races, and in 
smokers [225]. Smoking has been shown to lower calcium absorption, lower levels of PTH, and 
increase risk of vitamin D deficiency; however serum calcium levels of smokers and non-smokers 
have been found to not be significantly different [226,227]. It is important to note that smoking 
status was self-reported by mothers and this may have resulted in omission of smoking status. 
Prevalence for vitamin D deficiency is seen in populations at higher levels [228] than levels the 
prevalence for newborn HL [229]. Vitamin D has been investigated in NDBS in the past [230,231], 
however vitamin D quantification may be compromised by similar metabolites present in the blood 
[232]. This study lends support for further investigations into association between calcium, vitamin 
D, and auditory function. More vulnerable members of our sample may be showing signs of HL 
related to vitamin D deficiency to a greater extent than those who are more resilient. 
Iron and potassium have been both linked to HL outcomes separately. Anemia, or deficient levels 
of iron, has been associated with raised thresholds in rats [233] and humans [234]. Potassium has 
also been linked to problems of sudden sensorineural HL [235]; and it is involved in a treatment 
for blast trauma which provides osmotic stabilization [236]. Adding potassium and iron to the 
models with calcium made both iron and calcium significant, for all types of HL. Biologically, the 
electrolytes calcium, iron, and potassium are linked and critical to not only the nervous system, 
but also the auditory system. These electrolytes are also linked as calcium is administered to 
patients with dangerously high potassium levels as it increases the potential of cellular thresholds 
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[237]. Supplementation with high levels of potassium in pregnant dairy cows has been shown to 
increase the amount of calcium excreted in urine [238]. Dietary calcium has been shown to inhibit 
absorption of dietary iron, though this issue is not usually a concern in Western societies [239]. A 
study using the healthy eating index, a generalized metric of nutritional intake calculated from 
dietary recall National Health and Nutrition Examination Survey data, rather than specific 
biomarkers, has also indicated high quality nutritional intake to be associated with better hearing, 
as measured by pure-tone audiometry [240]. Alcohol consumption is one other confounding factor 
not measured in our study which has been shown to impact homeostasis, though results varied by 
trimester of pregnancy, of the essential elements calcium, potassium, and iron [241]. Likewise, 
fetal alcohol syndrome is also associated with hearing disorders [242].  
Literature on the other essential elements studied here is conflicted as far as the implications of 
hearing. High levels of serum selenium have been shown to be protective against cisplatin 
ototoxicity [243]. However, in a case-control study of adult factory workers in Taiwan with HLs, 
blood levels of selenium were not significantly protective in all models or in both ears [59]. In 
animal models, zinc deficiency has been shown to increase auditory brainstem response thresholds 
[185], as well as have no effects on them [244]. Our study agreed with the later findings showing 
no significant protective effect due to blood levels of zinc. However, a significant multiplicative 
interaction was found between selenium and zinc. In the rat, an interaction between selenium and 
zinc has been previously observed, in that administration of zinc increased retention of selenium 
[245].  
 
Limitations 
This study had several major strengths, including the large sample size of data combining two 
separately drawn sets of cases and control from the MNBB, and the confirmation of abnormal 
hearing screenings among cases. However, the study had two central limitations: the NDBS 
exposure metric used, and the sample source of predominantly white and male Michigander 
infants. First, while the blood spot represents a unique method for measuring essential and non-
essential metals, this metric has several issues that future studies will need to address. The methods 
we used were developed for the purpose of the study [197], and have several weaknesses, 
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notably an inability to account for the amount of blood present on each blood spot punch, and 
apparent differential deposition of elements across the area of blood spots [246,247]. Errors in 
blood spot levels could have resulted in exposure misclassification. Seven newborns (2 cases and 
5 controls) had negative values reported for blood lead concentrations. Such challenges are not 
unexpected with new laboratory methods but introduced minor difficulties into our analysis. The 
few negative values obtained after analysis of blood lead could be due to several possible causes, 
including systematic changes in our methods over time that occurred despite stringent quality 
control procedures; changes in the way in which NDBS were collected (for example, the use of 
different lots or types of filter papers); and potential effects of differing amounts of time in storage 
for the NDBS themselves. This is concerning; however, we are confident that the rank order of the 
lead in the samples is stable, and this is perhaps most important when running epidemiological 
models. While using NDBS samples has many advantages in the long-term, all components 
available in fresh blood samples are not available to be quantified in dried blood.  
The second central limitation relates to potential limitations in the generalizability of our results 
due to the specific population of Michigander infants we analyzed. Blood lead levels in the US are 
on average much lower than in other parts of the world [248]. Consequently, these results may not 
be applicable worldwide or in areas of extremely high lead or mercury exposures. However, 
previous studies have shown significant findings related to blood lead levels over 10 μg/dL [208], 
which overlaps with our sample geometric mean of blood lead (26 μg/dL). So, similar findings 
should have been observed, though the life stage examined by other studies was not in infants, but 
adolescents and children who can demonstrate deficits in hearing with more nuance [56,208]. We 
were forced to sample across multiple due to the small number of children with abnormal hearing 
screening results in a given year. Blood lead levels in US children have been declining since the 
1970s [249], though children parts of the US Midwest did not enjoy such a reduction [250]. Also, 
the sample is predominately white, so levels of vitamin D deficiency may lead to different results 
in people of color [251,252]. 
Additional study limitations include the lack of a thorough neurological processing analysis, 
assessment of exposures at a single timepoint, and the absence of a full battery of metal levels 
during pregnancy. The pass/fail nature of hearing screenings was unable to investigate hearing as 
deeply some previous studies, which analyzed complete waveforms from ABR. Our study also did 
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not involve the same auditory test for all subjects. The timing of lead exposures and variation over 
the development of the fetus was not captured by a single measure taken after birth and may not 
have captured the most concerning time-frame for lead exposures to negatively impact the hearing 
system. Cochlear development occurs in humans at eight weeks and innervation continues through 
week twenty-two [253]. While the cochlea may only be sensitive to damage in a narrow time range, 
studies exploring neurotoxicants show that sensitive points in development continue into early 
childhood [254,255]. Thus, the appropriate window and exposures during this time frame may 
indeed not have been completely captured by this study. Hearing impairments may take time to 
develop and some controls may become cases later. This would represent non-differential 
misclassification, which would bias results toward the null. The amount of calcium, potassium, 
and iron in the blood are usually tightly regulated, so these may be best interpreted as signals of 
homeostasis dysregulation and not indicators nutritional status.  
 
Conclusions 
To our knowledge, the novel analysis presented here represents the largest of its kind to date; 
nevertheless, due to the rarity of newborn HL, we may still have had insufficient statistical power 
to detect associations. These findings support use of the NDBS as a feasible neonatal exposure 
metric for toxicant and essential metals. While our analysis is the first of its kind, it is likely that 
our NDBS exposure estimates contain substantial measurement error that would be expected to 
attenuate the true associations between lead and methylmercury and newborn HL, and also to 
reduce the effects of nutritional status on HL. Nevertheless, we have demonstrated significant 
associations between concentrations above 1.8 μg/L methylmercury in NDBS and adverse hearing 
outcomes among newborns. We also found significant associations between nutrient blood levels 
and hearing screening failures that give need for further investigations into neonatal (calcium, iron, 
potassium, selenium, and zinc) blood levels as well as how these factors may be associated with 
abnormal newborn hearing.  
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III.F: Tables 
 
Table III-1. Characteristics of 676 newborns in total and by data set [N (%)] 
 Total (n=676)  Set 1 (n=200)†  Set 2 (n=476)‡ 
 Cases 
(n=338) 
Controls 
(n=338) 
 Cases 
(n=100) 
Controls 
(n=100) 
 Cases 
(n=238) 
Controls 
(n=238) 
Sex         
    Male 185 (54.7) 185 (54.7)  51 (51) 51 (51)  134 (56.3) 134 (56.3) 
    Female 153 (45.3) 153 (45.3)  49 (49) 49 (49)  104 (43.7) 104 (43.7) 
         
Race         
    White 232 (68.6) 232 (68.6)  68 (68) 68 (68)  164 (68.9) 164 (68.9) 
    Black 62 (18.3) 62 (18.3)  23 (23) 23 (23)  39 (16.4) 39 (16.4) 
    Other 44 (13.0) 44 (13.0)  9 (9) 9 (9)  35 (14.7) 35 (14.7) 
         
Ethnicity            
    Non-Hispanic 218 (64.5) 217 (64.2)  64 (64) 57 (57)  154 (64.7)  160 (67.2) 
    Hispanic 6 (1.8) 8 (2.4)  1 (1) 4 (4)  5 (2.1) 4 (1.7) 
    Unknown 114 (33.7) 113 (33.4)  35 (35) 39 (39)  79 (33.2) 74 (31.1) 
         
Gestational age         
    Preterm 15 (4.4) 12 (3.6)  5 (5) 3 (3)  10 (4.2) 9 (3.8) 
    Full-term 308 (91.1) 312 (92.3)  92 (92) 89 (89)  216 (90.8) 223 (93.7) 
    Unknown 15 (4.4) 14 (4.1)  3 (3) 8 (8)  12 (5.0) 6 (2.5) 
         
Cigarette smoking*         
    Yes 51 (15.1) 41 (12.1)  14 (14) 8 (8)  37 (15.6) 33 (13.9) 
    No 247 (73.1) 253 (74.9)  92 (92) 98 (98)  152 (63.9) 155 (65.1) 
    Unknown 51 (15.1) 52 (15.4)  2 (2) 2 (2)  49 (20.6) 50 (21.0) 
         
Birth year         
    2003-2004 33 (9.8) 33 (9.8)  27 (27) 27 (27)  6 (2.5) 6 (2.5) 
    2005-2006 66 (19.5) 66 (19.5)  43 (43) 43 (43)  23 (9.7) 23 (9.7) 
    2007-2008 92 (27.2) 92 (27.2)  30 (30) 30 (30)  62 (26.1) 62 (26.1) 
    2009-2010 60 (17.8) 60 (17.8)  0 (0) 0 (0)  60 (25.2) 60 (25.2) 
    2011-2012 53 (15.7) 53 (15.7)  0 (0) 0 (0)  53 (22.3) 53 (22.3) 
    2013-2014 33 (9.8) 33 (9.8)  0 (0) 0 (0)  33 (13.9) 33 (13.9) 
    2015 1 (0.3) 1 (0.3)  0 (0) 0 (0)  1 (0.4) 1 (0.4) 
         
Type of test         
    AABR 221 (65.4) 282 (83.4)  57 (57) 82 (82)  164 (68.9) 200 (84.0) 
    ABR 22 (6.5) 5 (1.5)  10 (10) 1 (1)  12 (5.0) 4 (1.7) 
    DPOAE 93 (27.5) 50 (14.8)  32 (32) 17 (17)  61 (25.6) 33 (13.9) 
    TEOAE 2 (0.6) 1 (0.3)  1 (1) 0 (0)  1 (0.4) 1 (0.4) 
         
Type of hearing loss         
Bilateral 215 (63.6) --  68 (68) --  147 (61.8) -- 
Unilateral 123 (36.4) --  32 (32) --  91 (38.2) -- 
†In data set 1, cases and controls were matched on birth year, sex, race, mother’s city, and hospital. 
‡In data set 2, cases and controls were matched on birth year, sex, and race.  
*Summary statistics only for data set 1 – no individual level data available for conditional logistic 
regression models 
 60 
Table III-2. Geographical information collected for total sample (N=676 newborns) 
Geographical data obtained  Set 1† N (%) Set 2‡ N (%) 
Mother’s city (county)   
Ann Arbor (Washtenaw) 14 (7.0) 14 (2.9) 
Canton (Wayne) 8 (4.0) 4 (0.8) 
Detroit (Wayne) 36 (18.0) 56 (11.8) 
Flint (Genesee) 6 (3.0) 16 (3.4) 
Rochester Hills (Oakland) 8 (4.0) 4 (0.8) 
Sterling Heights (Macomb) 8 (4.0) 14 (2.9) 
Ypsilanti (Washtenaw) 8 (4.0) 16 (3.4) 
Other 112 (56.0) 356 (74.8) 
   
Birth hospital (county)   
Henry Ford Hospital – Macomb (Macomb) 12 (6.0) 10 (2.1) 
Hurley Medical Center (Genesee) 10 (5.0) 24 (5.0) 
Huron Valley Hospital – Sinai (Oakland) 10 (5.0) 10 (2.1) 
Hutzel Women’s Hospital (Wayne) 14 (7.0) 30 (6.3) 
St. John’s Hospital (Wayne) 16 (8.0) 16 (3.4) 
St. Joseph Mercy Hospital (Washtenaw) 34 (17.0) 18 (3.8) 
University of Michigan Hospital (Washtenaw) 12 (6.0) 46 (9.7) 
William Beaumont Hospital – Royal Oak (Oakland) 22 (11.0) 74 (15.5) 
Other 70 (35.0) 248 (52.1) 
   
Residential county    
Genesee 10 (5) 45 (9.5) 
Livingston 4 (2) 14 (2.9) 
Macomb 39 (20) 90 (18.9) 
Monroe 4 (2) 11 (2.3) 
Oakland 36 (18) 106 (22.3) 
Washtenaw 24 (12) 36 (7.6) 
Wayne 73 (37) 146 (30.7) 
Other 26 (13) 27 (5.7) 
Unknown 0 (0) 1 (0.2) 
†Data set 1, N=200, no individual level data available for residential county. 
‡Data set 2, N=476, no individual level data available for birth hospital and mother’s city.  
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Table III-3. Geometric mean and standard deviation (GM and GSD) blood spot element 
levels in μg/L and results of t-tests comparing cases and controls overall (III-3A) and for 
datasets 1 (III-3B) and 2 (III-3C) 
 
Element N Cases Controls p 
  GM (GSD)  GM (GSD)  
A. OVERALL	     
Non-essential     
Lead 336 2.75 × 102 (1.7) 2.63 × 102 (1.9) 0.80 
Methylmercury 336 1.28 (1.86) 1.22 (1.72) 0.33 
     
Essential elements     
Calcium 336 1.17 ×105 (1.5) 1.25 × 105 (1.5 × 105) 0.03 
Copper 336 1.04 × 103 (1.5) 1.034 × 103 (1.4 × 105) 0.93 
Iron† 336 6.36 × 105 (1.47 × 105) 6.20 × 105 (1.45 × 105) 0.15 
Potassium† 336 214 × 106 (5.58 × 105) 2.13 × 106 (5.17 × 105) 0.75 
Selenium† 325 1.94 × 102 (5.36 × 101) 1.91 × 102 (4.72 × 101) 0.44 
Zinc 336 4.14 × 103 (1.4) 4.22 × 103 (1.5) 0.49 
     
B. SET	1	     
Non-essential      
Lead 100 5.14 × 102 (1.4) 5.03 × 102 (1.4) 0.69 
Methylmercury 100 1.25 (2.28) 1.19 (1.93) 0.60 
     
Essential elements     
Calcium 100 1.42 × 105 (1.5) 1.51 × 105 (1.5) 0.33 
Copper 100 1.07 × 103 (1.3) 1.01 × 103 (1.2) 0.04 
Iron† 100 7.26 × 105 (1.30 × 105) 6.99 × 105 (1.50 × 104) 0.17 
Potassium† 100 2.31 × 106 (6.40 × 105) 2.28 × 105 (5.40 × 105) 0.74 
Selenium† 94 2.05 × 102 (5.68 × 101) 1.96 × 102 (4.45 × 101) 0.22 
Zinc 100 4.72 × 103 (1.4) 4.94 × 103 (1.6) 0.41 
     
C. SET	2	     
Non-essential     
Lead 236 2.08 × 102 (1.6) 1.96 × 102 (1.8) 0.79 
Methylmercury 236 1.29 (1.66) 1.23 (1.63) 0.40 
     
Essential elements     
Calcium 236 1.07 × 105 (1.4) 1.15 × 105 (1.5) 0.04 
Copper 236 1.02 × 103 (1.5) 1.05 × 103 (1.5) 0.57 
Iron† 236 5.98 × 105 (1.39 × 105) 5.86 × 105 (1.30 × 105) 0.35 
Potassium† 236 2.08 × 106 (5.05 × 105) 2.07 × 106 (4.96 × 105) 0.89 
Selenium† 231 1.90 × 102 (5.16 × 101) 1.89 × 102 (4.82 × 101) 0.90 
Zinc 236 3.91 × 103 (1.4) 3.95 × 103 (1.5 × 103) 0.77 
†Arithmetic mean and standard deviation used due to normal distribution of data.
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Table III-4. Odds ratios and 95% CI for a newborn hearing failure per each interquartile range increase† in element levels of 
whole blood (N=672 newborns) 
 
A. Toxicant	metals	
  Lead  Methylmercury             
Variable/ 
category N OR 95% CI 
 OR 95% CI             
       
            All Data 672 1.04 0.86 – 1.26 
 
1.23 0.99 – 1.53             
Set 1 200 1.00 0.81 – 1.23 
 
1.25 0.90 – 1.76             
Set 2 472 1.21 0.79 – 1.85 
 
1.22 0.92 – 1.62                    
            
Males 368 1.13 0.82 – 1.57 
 
1.16 0.87 – 1.55             
Females 304 0.99 0.78 – 1.25 
 
1.32 0.96 – 1.84                    
            
White 460 0.99 0.80 – 1.22 
 
1.24 0.95 – 1.63             
Black 124 1.29 0.70 – 2.35 
 
1.24 0.67 – 2.29             
Other 88 1.27 0.66 – 2.45 
 
1.20 0.76 – 1.89                    
            
Bilateral HL 428 0.94 0.75 – 1.17 
 
1.07 0.82 – 1.40             
Unilateral HL 244 1.67 0.90 – 3.07   1.55 1.06 – 2.25             
                   
B. Essential	elements	
  Calcium  Iron  Potassium  Copper  Selenium  Zinc 
Variable/ 
category N OR 95% CI  OR 95% CI  OR 95% CI  OR 95% CI  OR 95% CI  OR 95% CI 
                   All Data 672* 0.49 0.34 – 0.70  1.27 0.99 – 1.61  1.04 0.84 – 1.30  1.00 0.93 – 1.08  1.11 0.89 – 1.38  0.94 0.85 – 1.04 
Set 1 200* 0.72 0.46 – 1.12  1.32 0.90 – 1.95  1.05 0.78 – 1.41  1.70 1.05 – 2.78  1.26 0.86 – 1.86  0.92 0.80 – 1.07 
Set 2 472* 0.26 0.13 – 0.51  1.23 0.89 – 1.68  1.04 0.75 – 1.44  0.98 0.91 – 1.07  1.03 0.77 – 1.36  0.97 0.82 – 1.14 
                   
Males 368* 0.52 0.31 – 0.88  1.41 1.01 – 1.98  1.30 0.91 – 1.85  1.00 0.91 – 1.10  1.14 0.82 – 1.59  0.88 0.72 – 1.08 
Females 304* 0.46 0.28 – 0.77  1.12 0.79 – 1.59  0.91 0.68 – 1.20  1.00 0.88 – 1.13  1.08 0.80 – 1.46  1.00 0.86 – 1.16 
                   
White 460* 0.46 0.30 – 0.72  1.16 0.87 – 1.54  0.91 0.73 – 1.23  0.96 0.85 – 1.07  1.18 0.88 – 1.57  0.94 0.84 – 1.04 
Black 124* 0.51 0.22 – 1.17  2.01 0.99 – 4.07  1.45 0.78 – 2.68  1.03 0.90 – 1.18  0.93 0.58 – 1.51  0.96 0.65 – 1.43 
Other 88* 0.63 0.23 – 1.72  1.30 0.69 – 2.43  1.27 0.68 – 2.37  1.14 0.85 – 1.53  1.11 0.66 – 1.85  1.01 0.60 – 1.69 
                   
Bilateral HL 428* 0.48 0.30 – 0.75  1.26 0.94 – 1.69  0.94 0.94 – 1.69  1.01 0.93 – 1.10  1.13 0.87 – 1.48  0.96 0.83 – 1.11 
Unilateral HL 244* 0.51 0.27 – 0.94  1.29 0.83 – 2.00  1.24 0.83 – 2.00  0.93 0.76 – 1.15  1.04 0.69 - 1.58  0.92 0.78 - 1.09 
 
* N values for selenium differ slightly: 650 for all, 188 set 1, 462 set 2; 361 males, 289 females; 444 whites, 122 blacks, 84 other; 410 bilateral HL, 240 unilateral HL 
†IQRs (μg/L whole blood): Lead = 224.3; Methylmercury = 0.9235; Calcium = 50587.25; Iron = 174282.1; Potassium = 627897.3; Copper = 50587.25; Selenium = 174282.1; Zinc 
= 6278 
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Table III-5. Odds ratios for a newborn hearing failure per each interquartile range increase† in levels of whole blood lead or 
methylmercury levels 
 
A. Lead         
Quartile of lead in whole blood 
 
  
1   2   3   4 
  
Range (μg/L) 
 
-41 to 186 
 
187 to 250 
 
251 to 410 
 
411 to 3558 
  
n cases/total 
 
77/162 
 
97/180 
 
75/160 
 
87/170 
  
           
Models N OR (CI)   OR (CI)   OR (CI)   OR (CI)   p (trend) 
1. Pb only 672 Reference   1.32 (0.84 - 2.07)   0.99 (0.60 - 1.63)   1.20 (0.61 - 2.34)   0.75 
2. Pb, calcium in whole blood 672 Reference  1.38 (0.88 - 2.18)  1.04 (0.63 - 1.73)  1.37 (0.69 - 2.74)  0.50 
3. Pb, mother smoking status* 672 Reference  1.32 (0.84 - 2.09)  0.99 (0.60 - 1.65)  1.20 (0.61 - 2.36)  0.75 
4. Pb, preterm birth 643 Reference  1.25 (0.79 - 2.00)  0.88 (0.52 - 1.47)  1.04 (0.52 - 2.11)  0.90 
5. Pb, calcium in whole blood, mother 
smoking status*, preterm birth 643 Reference   1.30 (0.81 - 2.10)   0.94 (0.55 - 1.61)   1.21 (0.58 - 2.53)   0.79 
           
B. Methylmercury 
          
  
Quartile of methylmercury in whole blood 
  
  
1   2   3   4 
  
Range (μg/L) 
 
0.08 to 0.89 
 
1.90 to 1.24 
 
1.25 to 1.76 
 
1.77 to 10 
  
n cases/total 
 
81/166 
 
67/151 
 
84/168 
 
104/187 
  
           
Models N OR (CI)   OR (CI)   OR (CI)   OR (CI)   p (trend) 
6. MeHg only 672 Reference  0.87 (0.54 - 1.41)   1.27 (0.75 - 2.14)  1.81 (1.01 - 3.24)  0.030 
7. MeHg, calcium in whole blood 670 Reference  0.73 (0.36 - 1.45)  0.76 (0.43 - 1.34)  1.00 (0.51 - 1.96)  0.025 
8. MeHg, mother smoking status* 672 Reference  0.88 (0.54 - 1.44)  1.3 (0.76 - 2.22)  1.84 (1.02 - 3.32)  0.026 
9. MeHg, preterm birth 643 Reference  0.88 (0.53 - 1.45)  1.22 (0.7 - 2.12)  1.65 (0.89 - 3.07)  0.084 
10. MeHg, calcium in whole blood, 
mother smoking status*, preterm birth 641 Reference   0.89 (0.53 - 1.49)   1.22 (0.68 - 2.21)   1.72 (0.89 - 3.32)   0.079 
*smoking status was indicated as smoker/non-smoker/unknown. †IQR (μg/L whole blood): Lead = 224.3; Methylmercury = 0.92. Pb=lead; MeHg=methylmercury 
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Table III-6. Odds ratios for a newborn hearing failure per each interquartile range increase† in levels of whole blood elements 
for all (unilateral and bilateral) hearing loss cases (N=672) 
 
   Quartiles in whole blood     1   2   3   4   
Calcium Range (μg/L) 3.1E4 to 9.6E4  9.6E4 to 1.2E5  1.2E5 to 1.5E5  1.5E5 to 4.3E5   
 n cases/total 100/184  88/173  80/163  68/152               
Iron Range (μg/L) 3837 to 5.3E5  5.3E5 to 6.2E5  6.2E5 to 7.0E5  7.0E5 to 1.5E6   
 n cases/total 72/157  91/175  70/153  103/187               
Potassium Range (μg/L) 2014 to 1.8E6  1.8E6 to 2.1E6  2.1E6 to 2.5E6  2.5E6 to 4.5E6   
 n cases/total 74/158  99/183  80/164  83/167   
            
Models   Continuous OR (CI) OR (CI)   OR (CI)   OR (CI)   OR (CI)   
p 
(trend) 
11. Calcium only 0.49 (0.34-0.70) Reference  0.73 (0.43 - 1.24)  0.58 (0.32 - 1.06)  0.34 (0.16 - 0.72)  0.0053 
12. Iron only 1.26 (0.99-1.61) Reference  1.41 (0.87 - 2.27)  1.14 (0.69 - 1.87)  1.77 (1.03 - 3.06)  0.11 
13. Potassium only 1.04 (0.84-1.30) Reference  1.36 (0.87 - 2.15)  1.11 (0.67 - 1.84)  1.16 (0.67 - 1.98)  0.86 
14. Ca+Fe           
 Calcium 0.45 (0.31-0.65) Reference  0.67 (0.39 - 1.15)  0.55 (0.30 - 1.01)  0.30 (0.14 - 0.64)  0.0024 
 Iron 1.43 (1.10-1.86) Reference  1.49 (0.92 - 2.44)  1.27 (0.76 - 2.10)  2.07 (1.18 - 3.63)  0.040 
15. Ca+K           
 Calcium 0.37 (0.24-0.57) Reference  0.63 (0.36 - 1.10)  0.46 (0.24 - 0.89)  0.26 (0.11 - 0.58)  0.0018 
 Potassium 1.47 (1.11-1.93) Reference  1.66 (0.95 - 2.91)  1.48 (0.77 - 2.84)  1.80 (0.79 - 4.08)  0.13 
16. Ca+Fe+K           
 Calcium 0.39 (0.25 - 0.62) Reference  0.64 (0.36 - 1.12)  0.51 (0.26 - 1.00)  0.28 (0.12 - 0.65)  0.0050 
 Iron 1.21 (0.82 - 1.80) Reference  1.26 (0.73 - 2.18)  1.13 (0.60 - 2.12)  2.00 (0.95 - 4.20)  0.16 
 Potassium 1.26 (0.83 - 1.91) Reference  1.52 (0.87 - 2.63)  1.25 (0.63 - 2.50)  1.17 (0.51 - 2.67)  0.90 
17. Ca+Fe+K+smoking status          
 Calcium 0.39 (0.25 - 0.63) Reference  0.63 (0.36 - 1.11)  0.50 (0.26 - 0.99)  0.28 (0.12 - 0.65)  0.0048 
 Iron 1.21 (0.81 - 1.80) Reference  1.24 (0.72 - 2.16)  1.11 (0.59 - 2.10)  1.97 (0.93 - 4.16)  0.16 
  Potassium 1.26 (0.83 - 1.91) Reference   1.52 (0.88 - 2.66)   1.26 (0.63 - 2.53)   1.18 (0.52 - 2.69)   0.88 
† IQRs (μg/L whole blood): Calcium = 50587.25; Iron = 174282.1, Potassium = 627897.3. Ca=calcium; Fe=iron; K=potassium 
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Table III-7. Odds ratios for a newborn hearing failure outcome per each interquartile range increase† in levels of whole blood 
elements for only bilateral cases (N=428) 
 
   Quartiles in whole blood  
   1   2   3   4   
Calcium Range (μg/L) 3.1E4 to 9.9E4  9.9E4 to 1.2E5  1.2E5 to 1.5E5  1.5E5 to 4.3E5   
 n cases/total 70/124  52/106  50/103  42/95               
Iron Range (μg/L) 3837 to 5.3E5  5.3E5 to 6.2E5  6.2E5 to 7.1E5  7.1E5 to 1.2E6   
 n cases/total 42/97  60/112  49/104  63/115               
Potassium Range (μg/L) 2014 to 1.8E6  1.8E6 to 2.1E6  2.1E6 to 2.5E6  2.5E6 to 3.6E6   
 n cases/total 52/106  59/112  57/111  46/99             
Models   
Continuous             
OR (CI) OR (CI)   OR (CI)   OR (CI)   OR (CI)   
p 
(trend) 
18. Calcium only 0.48 (0.30-0.75) Reference  0.61 (0.32 - 1.16)  0.54 (0.27 - 1.06)  0.34 (0.15 - 0.79)  0.013 
19. Iron only 1.26 (0.94-1.69) Reference  1.61 (0.90 - 2.89)  1.30 (0.72 - 2.37)  1.80 (0.95 - 3.40)  0.15 
20. Potassium only 0.95 (0.72-1.25) Reference  1.14 (0.65 - 2.02)  1.05 (0.57 - 1.94)  0.86 (0.44 - 1.70)  0.62 
21. Ca+Fe           
 Calcium 0.46 (0.29-0.73) Reference  0.58 (0.30 - 1.13)  0.51 (0.25 - 1.01)  0.31 (0.13 - 0.73)  0.0072 
 Iron 1.33 (0.98-1.81) Reference  1.66 (0.91 - 3.01)  1.45 (0.79 - 2.68)  2.06 (1.07 - 3.97)  0.070 
22. Ca+K           
 Calcium 0.39 (0.23-0.68) Reference  0.55 (0.28 - 1.10)  0.46 (0.22 - 0.98)  0.30 (0.12 - 0.74)  0.012 
 Potassium 1.29 (0.92-1.81) Reference  1.39 (0.76 - 2.54)  1.47 (0.74 - 2.91)  1.37 (0.63 - 2.98)  0.52 
23. Ca+Fe+K           
 Calcium 0.44 (0.25 - 0.78) Reference  0.62 (0.31 - 1.25)  0.56 (0.25 - 1.22)  0.36 (0.14 - 0.93)  0.0460 
 Iron 1.29 (0.81 - 2.04) Reference  1.62 (0.82 - 3.19)  1.55 (0.70 - 3.44)  2.69 (1.07 - 6.78)  0.054 
 Potassium 1.04 (0.63 - 1.74) Reference  1.06 (0.52 - 2.16)  0.93 (0.37 - 2.32)  0.64 (0.21 - 1.94)  0.35 
24. Ca+Fe+K+smoking status          
 Calcium 0.44 (0.25 - 0.78) Reference  0.63 (0.31 - 1.26)  0.56 (0.25 - 1.24)  0.36 (0.14 - 0.94)  0.047 
 Iron 1.29 (0.81 - 2.05) Reference  1.64 (0.82 - 3.31)  1.57 (0.70 - 3.52)  2.74 (1.07 - 7.03)  0.056 
  Potassium 1.04 (0.62 - 1.74) Reference  1.05 (0.51 - 2.16)  0.92 (0.36 - 2.31)  0.62 (0.20 - 1.93)  0.34 
† IQRs (μg/L whole blood): Calcium = 50587.25; Iron = 174282.1; Potassium = 627897.3. Ca=calcium; Fe=iron; K=potassium 
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Table III-8. Odds ratios for newborn hearing screening failure per each interquartile range 
increase† with toxic metals, essential elements, and interaction term 
 
  Model 25  Model 26  Model 27  Model 28 
  All cases  Bivariate HL  All cases  Bivariate HL 
MeHg  -  -  1.37 (1.07 - 1.77)  1.15 (0.85 - 1.54) 
Ca  0.42 (0.27 - 0.65)  0.40 (0.23 - 0.69)  0.41 (0.27 - 0.64)  0.40 (0.23 - 0.69) 
Fe  1.49 (1.06 - 2.10)  1.30 (0.86 - 1.98)  1.46 (1.04 - 2.06)  1.30 (0.86 - 1.96) 
Se  0.46 (0.23 - 0.92)  0.39 (0.16 - 1.00)  0.44 (0.22 - 0.88)  0.39 (0.15 - 0.98) 
Zn  0.40 (0.19 - 0.83)  0.30 (0.11 - 0.83)  0.36 (0.17 - 0.76)  0.29 (0.10 - 0.80) 
Se*Zn  1.30 (1.06 - 1.61)  1.42 (1.06 - 1.90)  1.33 (1.08 - 1.65)  1.43 (1.07 - 1.92) 
 
†IQR (μg/L whole blood): Methylmercury = 0.9235; Calcium = 50587.25; Iron = 174282.1, Selenium = 174282.1; Zinc = 6278 
MeHg=methylmercury; Ca=calcium; Fe=iron; Se=selenium; Zn=zinc 
  
 
III.G: Figures 
Figure III-1. Lead in blood by two-year* increments for cases and controls 
 
*Two individuals from 2015 were included with the 2013-2014 group 
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Figure III-2. Calcium, Iron and Potassium correlation matrix with scatterplots (and fitted 
lines), frequency distribution and correlations values (p-values shown) 
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CHAPTER IV: Metal exposures, noise exposures, and audiometery from e-waste workers 
in Agbogbloshie Ghana 
IV.A: Abstract 
Metals such as lead, mercury, and cadmium may have ototoxic properties, but are not well 
understood as causal agents of hearing loss, especially in conjunction with noise exposure. This 
cross-sectional study investigated hearing health, noise exposures, and metal exposures in a 
marginalized population of electronic waste (e-waste) recycling workers at Agbogbloshie Market 
in Accra, Ghana. Workers were recruited on-site and participated in audiometric testing, a survey, 
blood collection, and personal noise dosimetry. An indicator of work activity diversity was 
developed to quantify the proportion of possible tasks in which workers engaged. Audiometric 
results were analyzed by test frequency using several noise-induced hearing loss notch indices. 
We recruited a total of 58 workers; 60% of whom showed evidence of audiometric notches, most 
commonly centered at 6 kHz. Most workers (86%) reported high noise exposures occurring 
“often” or “fairly often” in their work. Daily average noise levels, including both occupational and 
non-occupational time periods, ranged from 74.4 - 90.0 dBA. Linear regression models indicated 
that participants who lived at Agbogbloshie for longer periods were significantly associated with 
worse thresholds at both 4 and 6 kHz. Linear models did not identify blood levels of lead, mercury, 
or cadmium as significant predictors of worse hearing thresholds or larger noise notches, but 
increasing levels of selenium were significantly associated with higher thresholds at 6 kHz and a 
larger noise notch. Workers with higher work diversity had significantly larger noise notches in 
the final linear model. Final models predicting thresholds at 4 and 6 kHz were improved by 
including a significant interaction term between the maximum noise exposure and the level of zinc 
in whole blood. This interaction indicates that zinc may be protective against detrimental hearing 
outcomes by noise exposures, but no longer protective at heightened noise levels. Further study of 
the relationships between metals, noise, and HL is needed among informal e-waste recyclers and 
other high-risk occupations with multiple hazardous exposures as well as health vulnerabilities.  
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IV.B: Introduction 
Worldwide, 466 million people are estimated to suffer from hearing loss (HL) and global 
prevalence is increasing [256]. The prevalence of adult-onset HL in developing nations, a large 
portion of which is due to occupational noise [4], is also increasing [3]. HL has profound impacts 
on human health and quality of life as well as a wide variety of adverse social, psychological, 
occupational, and educational outcomes [1]. Individuals with HL experience detrimental impacts 
on educational achievements, employment status as well as challenges within the workplace 
[257,258].  
One type of HL, noise-induced HL (NIHL), is completely preventable but also unfortunately 
prevalent. In the US, one in four adults has indications of NIHL and about one in three adults 
working in noise have NIHL [259]. Estimating the exact prevalence of NIHL is challenging as 
many individuals in the US either do not have access to, or do not give priority to, their hearing 
health, even when they would benefit from treatment. Only three in ten adults un under age 35 
with hearing impairments will obtain a hearing aid in the US [260].  
With such high numbers of HL cases, understanding how chemicals in the environment and taken 
therapeutically may be linked to HL is important. Pharmaceuticals such as aminoglycosides are 
well known to cause negative outcomes in the auditory system [261], however, the emerging 
ototoxic effects of metals such as lead (Pb), mercury (Hg), and cadmium (Cd), are less understood. 
Metals occurring in occupational exposures are an emerging area of ototoxicity research [262,263]. 
The National Institute for Occupational Safety and Health (NIOSH) has highlighted the need for 
further research examining the relationship of metals to HL, especially those occurring in mixtures 
[8].  
Elevated exposures to Pb, Hg, and Cd occur in many occupational settings, and environmental 
contamination with these metals is common in industrial and post-industrial communities. Though 
the precise mechanisms by which Pb and Cd exposure produces ototoxicity are not yet known, 
these three metals can induce oxidative stress [264,265], an action that fits well with prevailing 
hypotheses of noise trauma and drug-induced HL. 
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A number of epidemiological studies indicate that exposures to metals, in particular Pb and Cd, 
may be associated with an increased risk of HL [11–14]. American adolescents with higher Pb and 
Cd exposures have shown a greater likelihood for HL [56]. In a more aged population, x-ray 
fluorescence has been used to measure life-time accumulated bone Pb levels, and levels of Pb in 
bone were significantly associated with threshold increases at higher frequencies [57]. Park et al. 
(2010) also found increases in HL with Pb exposures, even after accounting for occupational noise 
exposures [57]. While data on Hg and HL are lacking in humans, Hg has also been associated with 
adult-onset HL in monkeys [202]. 
Exposures to metals mixtures can evoke a synergistic response [89], and synergism and 
potentiation interactions have been noted for known non-metal ototoxicants like styrene, 
aminoglycosides, and jet fuel [70–72]. At least one study has suggested a possible interaction 
between noise and Pb exposure [74]. A handful of studies have assessed the contributions of Pb 
and noise to HL [57,73–75], but none have evaluated the effects of combined exposures to Cd and 
noise, nor have any studies evaluated the potential interactions between noise and metal exposures 
alongside nutritional essential element levels. Better understanding of multi-factorial exposures is 
necessary to understand and reduce the risk of HL among workers.  
While Pb, Hg, and Cd exposures in high-income countries are relatively well-controlled, the same 
is not true in low- and middle-income countries. In Ghana and other West African countries, for 
example, the high demand for electronic and electrical equipment (EEE) at affordable prices has 
resulted in massive importation of mostly secondhand EEE from developed countries [266,267]. 
Though Ghana, as of 2003, is a signatory of the Basel Convention [268], which forbids 
transboundary movement of hazardous wastes, exporters send unusable EEE into Ghana every 
year under the pretense of donating second-hand EEE [266,269]. These waste electronics are 
commonly referred to as "e-waste." In 2009, 35% of secondhand EEE imports to Ghana (a total of 
280,000 tons) were non-functioning, illegal e-waste [269], typically recycled by informal workers. 
E-waste flows to Ghana are projected to at least double by 2020 [270]. 
The informal sector in Ghana largely processes e-waste in two ways: manual dismantling with 
rudimentary tools and open-air burning [270]. Many of the workers are young, and few use any 
personal protective equipment [26,270]. Reusable parts and resalable copper, aluminum, gold, 
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silver, iron, and brass are extracted and sold from electronic and electric products such as 
televisions, monitors, computers, audio equipment, cameras, printers, telephones, mobile phones, 
and household appliances [270,271]. However, e-waste also contains metals, including Pb, Cd, 
and Hg, as well as plastic components, which when burned produce toxic organic compounds 
[267]. Several studies at Agbogbloshie Market, Ghana's largest e-waste site, have found elevated 
levels of Cd and Pb in urine of e-waste workers compared with reference sites [26] and elevated 
concentrations of Pb and Cd in dust at the site and its surroundings [27].  
The aims of this study were three-fold. First, we characterized the blood metal levels, occupational 
habits, and noise exposures experienced by e-waste workers at Agbogbloshie Market. Second, we 
assessed the associations of essential and toxic metals in whole blood from e-waste workers with 
pure-tone audiometric thresholds as well as measures of NIHL, or noise notches (NN). Thirdly, 
we assessed potential interactions between essential and toxic metal levels and noise.  
 
IV.C: Methods 
All research procedures were reviewed and approved by the University of Michigan Health 
Sciences and Behavioral Sciences Institutional Review Board (HUM00084062) and the Noguchi 
Memorial Institute for Medical Research Institutional Review Board (NMIMR-IRB CPN 070/13-
14) prior to collection of data. Participants received a meal and a small financial incentive for 
participating in the study. 
 
Participant recruitment 
Participants were recruited from Agbogbloshie Market with assistance from the local Chairman of 
the Greater Accra Scrap Dealer’s Association (who nominally oversaw the site, though employed 
no workers directly), as well as from three translators, one of which was a tribal chief in Northern 
Ghana. The first eight participants were approached directly by the chief, then subsequent workers 
were recruited by previous participants; a small fraction were recruited directly by research staff. 
All participants were over the age of 18 and worked at Agbogbloshie for at least the past six 
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months. Often, workers were recruited in clusters of two to five people working on similar waste 
materials and in similar locations. 
Participants were transported at no cost to the Ghana Post Clinic nearby to Agbogbloshie. At the 
clinic, participants underwent five study procedures, described in detail below. All study 
procedures were facilitated by a translator. 
 
Health evaluation  
A brief medical examination was conducted for each participant. Information recorded during the 
exam included: current health insurance, height, weight, waist circumference, hip circumference, 
numbers and sites of work-related scars or deformities, skin disorders, and any other health 
complaints. 
An outdoor clinic at the e-waste work site was held at the conclusion of data collection to allow 
participants to meet with the doctor again and go over any health concerns discussed during the 
survey or not addressed within our study. Medications for common fungal infections and malaria 
were made available to those needing treatment. 
 
Hearing assessment 
An audiometric test was administered using an OtoPod M2 portable audiometer (Otovation, Inc.). 
We obtained threshold levels from the frequencies 500, 1000, 2000, 3000, 4000, 6000, and 8000 
Hz on both ears. Two thresholds on both the right and left side were collected at 1000 Hz for 
verification of data quality. Background noise from the surrounding environment was attenuated 
with ear cups and insert headphones, which were estimated to reduce noise exposures by 
approximately 40 dB across the frequency range of interest. Background noise levels were checked 
prior to the start of each audiometric test; in the event of high background noise levels (>50 dBA), 
the test was interrupted until the noise levels declined. All testing was conducted by a technician 
certified by the Council for Accreditation in Occupational Hearing Conservation (CAOHC). 
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Survey 
A survey was administered to participants to assess various occupational- and hearing-related 
factors. Surveys were filled out for the participants by the translators who administered them. 
Survey items included demographic information about sex, age, education, marriage, income, 
hours worked per day, smoking habits, and living arrangements. Other risk factors for HL (e.g., 
congenital HL, ear infections, etc.), along with self-reported hearing status, were assessed to 
control for possible confounding. The items specific to hearing status included: whether 
participants had problems with their hearing, and, if so, when they started having these problems; 
whether a doctor had diagnosed any HL; and whether they were taking any medications for this 
diagnosis. Additional items enquired about participants’ perceived occupational and non-
occupational noise exposure and annoyance associated with these exposures. The questionnaire 
collected further information on occupational history and exposures, socioeconomic status, 
occupational and residential noise exposures, use of personal protective equipment, and dietary 
intake.  
 
Blood biomarkers 
A trained phlebotomist collected a blood sample from each participant using standard laboratory 
procedures. Blood was drawn in a Vacutainer tube and refrigerated. Samples were analyzed at 
McGill University using Inductively-Coupled Plasma-Mass Spectrometry (ICPMS, Varian 720, 
Agilent, Santa Clara, CA USA) for levels of Pb and Cd and a direct mercury analyzer (DMA) for 
methylmercury (MeHg). We also measured a number of essential and toxic elements, including 
calcium (Ca), manganese (Mn), copper (Cu), iron (Fe), and zinc (Zn), and arsenic (As), again using 
ICPMS.  
 
Personal noise measurements 
Noise exposures were assessed over a nominally 24-hour period on each subject. Measurements 
were collected using a personal dosimeter (Etymotic Research ER-200D) that datalogged the 
equivalent continuous average exposure (LEQ) and maximum (Lmax) noise levels every 3.75 min 
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over the 24-hour period; this datalogging interval was the only one available on the device. The 
measurement range of the dosimeter was 70-130 dBA, and the dosimeter was configured according 
to the guidelines of the World Health Organization [272]. The monitored period was intended to 
include work and non-work activities such as prayers, exercise, and sleep. Activity times and 
durations were collected following the measurement period using a separate researcher-
administered activity log to allow for determination of noise levels during specific activities, as 
well as over the entire 24-hour period. LEQ and Lmax data was used in linear and logistic modeling 
for differing time periods of overall, occupational, and non-occupational. Occupational noise 
exposures were converted to 8-hour Time-Weighted Average (TWA) levels to allow for 
comparison to occupational exposure limits using equation 1: 
 
!"# = 10'()*+,[	1/128∫ 1'103456/+,789+ ]     (Equation 1) 
 
where LAEQ is a 3.75-minute average equivalent continuous noise level, N is the total number of 
3.75-minute intervals i in the measured shift, and 128 is the number of 3.75-minute intervals in a 
480-minute (i.e., 8-hour) period.  
 
Analysis 
Statistical analyses were performed in R (version 3.5.1, R Foundation for Statistical Computing: 
www.r-project.org) using RStudio (version 1.1.456, RStudio Inc.). Descriptive statistics were 
computed for all variables. Significance was determined by p-values below 0.05 and borderline 
significance was determined by p-values less than 0.10. 
Both Lmax and LEQ levels were explored in bivariate and regression analyses. Numerous 3.75 
minute dosimeter intervals had values of 0 dBA; these indicated measured noise levels that were 
below the dosimeter’s threshold of 70 dBA for the entire 3.75 minute interval. To account for this 
limit of detection issue, we replaced these 0 dBA values with a value of 50 dBA.  
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In addition to analysis of survey items on primary jobs and e-waste activity involvement, a variable 
to describe work activity diversity, WorkD, was created by dividing the number of different e-
waste activities workers said they had performed in the past three months by the total number of 
activities evaluated. This variable was intended to summarize the diversity of a worker’s job 
activities as a surrogate for the variability in their exposure to various metals in e-waste. A few 
workers were not asked about all activities on the survey; in these cases, the denominator used was 
the number of activities for which responses were recorded. One participant who did not report 
performing any of the activities had a WorkD=0 and was removed from further analyses based on 
this statistic. 
The outcome of interest, audiometric hearing threshold levels in dB HL, was explored in several 
ways. We analyzed hearing thresholds at each audiometric test frequency; for these analyses, larger 
positive numbers indicate a greater degree of HL. Since NIHL is characterized by the appearance 
of worse hearing thresholds at 4 and/or 6 kHz (the so-called 4 kHz noise notch, NN), we also 
computed several NN indices to evaluate the presence and area of audiometric notches. These 
indices calculate NN as a negative number, with larger negative numbers indicating a worse notch. 
All NN calculations consisted of a background average threshold compared to a threshold at a 
frequency or average across multiple frequencies at the expected notch location(s). The notch 
criteria considered are shown below in equations 2-5 [273]: 
 
NNA = (average of 1 and 8 kHz) – (average of 3, 4, and 6 kHz)   (Equation 2) 
NNB = (average of 2 and 8 kHz) – (average of 3, 4, and 6 kHz)   (Equation 3) 
NNC = (average of 3 and 8 kHz) – (average of 4 and 6 kHz)    (Equation 4) 
NND = (average of 3 and 8 kHz) – (6 kHz)      (Equation 5) 
 
Bivariate relationships between all variables (e.g., survey responses, work activities, measured 
noise exposures, blood metals levels, and hearing threshold levels) were evaluated using non-
parametric Spearman correlation coefficients and scatterplots. Variables showing moderate or 
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greater correlations with hearing threshold levels or the various NN values were further explored 
in a series of univariate linear regressions.  
Finally, a series of multivariate linear regression models was developed using a forward stepwise 
selection process utilizing variables which showed significance and borderline significance to 
assess the effects of various predictors identified a priori as important exposure determinants or 
confounders. A priori predictors included: age; years working in noisy environments; years 
working in scrap; years living at Agbogbloshie; overall averages for levels of noise exposure; 
maximums for noise exposures; averages for occupational noise exposures; levels of toxic metals 
Pb, Hg, Cd, As, and Mn (adjusted for interquartile range [IQR]); levels of essential elements Cu, 
Fe, Se, Zn (adjusted for IQR); level of income; number of times eating meat in a week (as an 
indicator of nutritional status). Occupational task-based analyses of hearing and noise exposure to 
determine the extent to which certain tasks may influence hearing over others included worker’s 
primary task (limited to one of four: dealing, dismantling, collecting, or other), as well as analysis 
of recently performed tasks (including all possible tasks reported on the survey: Pb battery 
recycling, smelting, repair, collection, sorting, removing wires, dismantling, burning, and sorting 
through ash).  
Final models were identified using forward stepwise regression techniques with variables which 
showed significance or borderline significance in univariate models and then subsequently adding 
more a priori variables to improve the significance of the terms. Three final models were selected 
for three hearing outcomes (frequency-specific thresholds at 4 and 6 kHz and NND, using equation 
5) based on model performance, as measured by the highest coefficient of determination, adjusted 
R2. Principle component and factor analysis approaches in modeling groups of metals and job tasks 
were also utilized in regression modeling. 
 
IV.D: Results 
Data collection occurred over seven days in April 2014. A total of 58 e-waste workers were 
recruited, with the majority (n=32) recruited over three consecutive days in the middle of the data 
collection period. At least 20 workers refused to participate in the study; refusals were primarily 
due to schedule conflicts and disruptions in the Agbogbloshie community due to the death of a 
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prominent local leader shortly before data collection began. A few workers denied interest in 
participation due to a low-level recruitment fee in comparison to their wages dismantling waste.  
Table IV-1 shows basic demographic characteristics of the sample. Though we had obtained IRB 
approval to recruit participants as young as 16, the youngest participant was 18. Participants were 
generally young adults (mean age of 26), low income (38% had daily income <10 GHS, or about 
$3 US based on the 12/31/2014 exchange rate of $1 to 3.22 GHS), and Muslim (97%), and had 
worked in e-waste activities and lived near Agbogbloshie for approximately 6 years on average. 
Most workers (78%) moved to Agbogbloshie from the places like Tamale, Bolgatanga, 
Kumbungu, and Gushiegu in the Northern region of Ghana. The majority of participants were 
single (38%) or married and living with their spouse (38%), and had no formal education (53%). 
The vast majority of workers recruited (71%) lived and slept at the site itself; fifteen workers (26%) 
lived near the site. Only two participants (3%) lived far from the site. The workers and the site 
were transient with no permanent structures or formal industries. Given this temporary nature and 
lower social status of workers, health was an overall concern; surveys showed that 46 percent of 
the workers felt their health was poor or fair (data not shown).  
 
Noise  
Participants worked an average of 6.1±4.2 years in loud noise and 6.2±4.2 working on scrap or e-
waste (Table IV-1). For their current work in e-waste, the vast majority of participants reported 
being in loud noise very often (85%, Table IV-2). Summary statistics for noise measurement data 
are given in Table IV-2. Roughly half of the 1090.63 hours of noise data collected were below the 
dosimeters’ 70 dBA limit of detection (data not shown). LEQ exposures measured over a large 
fraction of a day (19.1±4.1 hours on average) had a mean of 82.5±3.8 dBA, with a range of 74.4-
90.0 dBA (Table IV-2). Participants worked 10.6±2.9 hours/day on average. The mean 8-hour 
TWA was 84.6 dBA, just below the 85-dBA NIOSH Recommended Exposure Limit, and 397 of 
the 3.75 minute intervals (>24.8 hours) exceeded 85 dBA. Splined individual noise exposures over 
the research period showed a diurnal trend in noise levels (Figure IV-1), with nighttime being the 
quietest time period, but many high (above the WHO recommended 70 dBA daily noise exposure 
limit) exposures were documented during daytime hours. The maximum noise level for each 
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individual was 97.0 dBA on average, with a range of 87.5-110.0 dBA, indicating a potential for 
brief exposures to high levels of noise in e-waste work. Occupational periods showed a higher 
mean LEQ (85.6 dBA compared to 81.6 dBA), though the Lmax was higher on average during non-
occupational times (96.0 dBA compared to 94.3 dBA). Seventy-nine percent of participants 
reported that exposures to loud noise were also common during non-occupational periods. Noise 
exposures on site were dominated by impact sounds from hammers and chisels used to dismantle 
electric and electronic items. No workers reported, or were ever observed to be, wearing hearing 
protection devices. Detailed reporting indicating occupational activities and durations was 
collected from only 16 (29%) of our participants; the remaining participants failed to complete 
and/or submit activity logs. Researchers observed many workers actively engaging in social 
activities on the work site and in proximity to work-related activities including impact noise 
exposures. Muslims practiced prayer and washing rituals a few feet away from occupational 
activities. 
 
Occupational characteristics 
Details of participants’ occupational activities are shown in Table IV-3. A total of nine e-waste 
activities were reported by participants. The vast majority of workers participated in dismantling 
(86%) and sorting (84%) activities during the six months prior to the study, while relatively few 
workers had engaged in the more specialized activities of smelting (38%) and e-waste repair 
(35%). Nearly half of workers (28, or 48%) reported dismantling as their primary e-waste task for 
the past three months. 
 
Blood metals 
Means of blood Pb in participants, 97.2 ppb, or 9.72 µg/dL (Table IV-4), were observed to be six 
times the US geometric mean of 15.2 ppb for adults over 20 [274]. Average blood Cd in our sample 
was 2.98 ppb, eight times higher than the geometric mean of 0.378 ppb among US adults over 20 
years of age [274]. Few occupational standards or recommendations exist with which these blood 
metal levels can be compared. The US Occupational Safety and Health Administration (OSHA) 
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requires temporary medical removal from a job if a worker’s blood Pb level (BLL) is above 60 
µg/dL CFR § 1910.1025(k)(1)(i)(A). None of our participants exceeded this level. However, the 
maximum BLL of 32.6 µg/L exceeded the Biological Exposure Index (BEI) of 30 µg/100 ml set 
by the American Conference of Governmental Industrial Hygienists (ACGIH) [275]. The blood 
Cd levels among these workers varied greatly from 0.9 µg/L to 22.7 µg/L. Both OSHA and ACGIH 
set biological monitoring standards for Cd at 5 µg/L; the subject with the maximum blood Cd level 
exceeded these US standards.  
Neither OSHA nor BEI limits are not currently available for Mn or As. The average blood Mn 
level was 12.6±4.2 µg/L (range 6.5-24.6 µg/L), and the blood Hg mean (1.8±1.4 µg/L) and 
maximum (6.4 µg/L) levels among these workers were in the normal range (under 10 µg/L, well 
below the toxic threshold of over 50µg/L) (Agency for Toxic Substances and Disease Registry 
[ATSDR] 1999). Levels of measured essential elements Cu, Fe, Se, and Zn were 1.1±0.7 mg/L, 
440.1±628.2 mg/L, 163.6±48.5 µg/L, and 5.5±1.9 mg/L, respectively.  
 
Hearing outcomes 
Fifteen participants (25.9%) reported having trouble with their hearing, and five (8.9%) reported 
having had trouble since childhood or adolescence (data not shown). The majority of participants 
reported ringing in their ears after exposures to loud noise (67%), being bothered by occupational 
noise (76%), and being bothered by nighttime non-occupational noise (70%, data not shown). 
Hearing threshold levels (HTLs) were worse in the right ear for all frequencies except 6 kHz (Table 
IV-5). Mean HTLs in both ears were below 20 dB at all frequencies except 4 kHz and 6 kHz. 
Excluding low frequency hearing at 500 Hz (which may have been artificially increased due to 
background noise levels), HTLs were worst at 6 kHz and followed by 4 kHz. The pattern of the 
mean HTLs across frequencies was consistent with a noise notch or noise-induced hearing damage 
(Figure IV-2), with damage worst at 4-6 kHz and recovery at 3 and 8 kHz. Variability in HTLs 
was greatest at 4 and 6 kHz, but quite high across all test frequencies, as shown by large standard 
deviation bars. 
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Noise notch analysis  
More than half of participants were found to have a noise notch (Table IV-6). Of those having 
notches, the majority of participants had bilateral notches. In both the right and left ears, notches 
were most frequently present at 6 kHz, followed by 4 kHz and then 3 kHz. When the four notch 
indices were compared, NND (which focused on 6 kHz) was found to have an average notch depth 
that was nearly twice that of the other indices. NND and left thresholds at 6 kHZ were found to be 
significantly and negatively correlated (r=-0.66, p=0.00000003), i.e., higher audiometric 
thresholds were associated with a more negative NND. This fact, when combined with the high 
correlations between indices NNA through NNC, and the majority of notches at 6 kHz, led to an 
exclusive focus on left-ear 6 kHz audiometric frequency and NND for subsequent analyses. The 
left ear was chosen for analysis due to possible learning effects in the right ear, which was the first 
ear tested for all participants, none of whom had previously ever had an audiometric test. 
 
Bivariate associations between noise and metals impacts on HL 
Blood Pb, blood Cd, and blood Hg were not found to have meaningful bivariate relationships with 
any of the measures of HL (e.g., hearing threshold levels or notch indices). Perceived noise 
exposure showed no relation to any of the HL measures. Negligible correlations were found 
between daily LEQ and left threshold levels at 6 kHz or NND (Spearman’s rho = 0.09, p=0.51; -
0.05, p=0.71; respectively). Lmax correlations with left threshold levels at 6 kHz and NND showed 
similar non-correlated and non-significant results. Cu was somewhat linearly associated with LEQ 
(data not shown). Blood Cu was also correlated with blood Cd, Pb, and Se (Spearman’s rho = 0.51, 
p=0.0001; 0.58, p=0.00001; and 0.40, p=0.0003; respectively).  
Zn was the only significant predictor of NND, while Se, As, and Lmax all reached borderline 
significance (p=0.08, p=0.08, and p=0.09, respectively). By comparison, for NNA, only Mn 
(p=0.06) reached even borderline significance. Thresholds at 6 kHz were significantly predicted 
by Se, years working in scrap, and years working at Agbogbloshie. Since years working in scrap 
and years working at Agbogbloshie were highly colinear, only years working at Agbogbloshie was 
considered for further analysis. 
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Multivariate regression analyses 
The results of our multivariate analyses for three hearing outcomes, both 4 and 6 kHz audiometric 
test frequency (Models 1 and 2, respectively) and NND (Model 3), are shown in Table IV-7. We 
started with the significant metals found for each outcome above in bivariate analyses and then 
forced several variables into both models based on our a priori assumptions: years living near 
Agbogbloshie, smoking status, number of times meat was eaten in a week, work diversity, and 
noise exposure. Note that we did not force age, a known risk factor for HL, into the model due to 
the young age of our sample. Rather, we relied on the variable years lived in Agbogbloshie to 
account for duration of probable exposure to noise and metals. Toxic metals, essential elements, 
noise levels, and work tasks were added to the models sequentially to explore their impacts. Final 
models were selected based on adjusted R2, which ranged from 0.24 (Model 1) to 0.31 (Model 3). 
For the 4 kHz model (Model 1), all included coefficients (Cd, Mn, number of times meat is eaten 
in a week, and years of life at Agbogbloshie) reached statistical significance. Increased levels of 
Mn, amount of meat eaten in a week, and length of time living at Agbogbloshie were associated 
with small but significant decrements in hearing ability, on the order of 6 dB HL per µg/L of these 
metals in blood. Cd was unexpectedly associated with a slight improvement in hearing at 4 kHz. 
In the 6 kHz model (Model 2), a greater number of years living near Agbogbloshie, Se, and work 
diversity were each associated with significant decrements in hearing. Work diversity, age, Zn, Se, 
highest Lmax, daily LEQ, and age were all significantly associated with worse noise notches in the 
NND model (Model 3), while As was unexpectedly protective. High As levels are found in diets 
rich with seafood [277], so it is possible that higher As indicates better nutritional status. 
Interactions between metals and essential elements were explored. Significant interactions for 
NND included Pb*Zn (p=0.02), Cd*Zn (p=0.01), and Cu*Zn (p=0.01). Mn*Zn, Fe*Zn, and As*Zn 
showed borderline significance. Among predictors of thresholds at 6 kHz, only Pb*Mn (p=0.03) 
showed significance. Borderline significant was observed for Hg*As, Mn*Zn, Fe*Zn, As*Fe, 
As*Zn. Significant interactions as predictors of thresholds at 4 kHz were Mn*Zn (p=0.03), Cu*Se 
(p=0.03), Fe*Zn (p=0.05), As*Zn (p=0.04), and Fe*Se (p=0.02); borderline significance was 
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shown by Se*Zn and Hg*Zn. Given the consistency of Fe*Zn in these models, this interaction 
term was explored in final models, but did not improve them. 
One interaction did improve the adjusted R2 of two (Model 1 and 2) of the final models. There was 
a highly significant and consistent interaction between Zn and noise levels. This was across all 
hearing outcome metrics and multiple noise metrics. Thus, an interaction term for Lmax*Zn was 
included in the final models (Table IV-7). Se, Fe, and As showed significant interactions with 
certain noise metrics as well, however these were not consistent (data not shown). Interactions 
between noise levels and Pb were borderline significant at 6 kHz thresholds for Lmax (p=0.07) and 
NND for maximum occupational exposures (p=0.06). These interactions became significant only 
for thresholds at 6 kHz for average non-occupational noise (p=0.04), maximum non-occupational 
noise (p=0.02). Due to the number of interactions explored, these p-values no longer show 
statistical significance when multiple comparisons are taken into consideration. 
 
IV.E: Discussion 
We successfully recruited and assessed noise- and metal-related exposures and health outcomes 
for nearly 60 workers at the Agbogbloshie e-waste recycling site. Our study indicated that these 
workers had unexpectedly high noise exposures during both occupational and non-occupational 
periods. These elevated noise exposures could help explain the decrements in hearing threshold 
levels observed among workers through audiometric testing – average right ear thresholds at 4 and 
6 kHZ were over 20 dB, which, in a group of workers as young as those assessed (mean age just 
under 26 years), is much worse than would be expected in a similar group of noise-free workers 
[278]. The high noise levels observed – the average occupational noise exposure was 85.6 dBA – 
combined with indications of NIHL (mean left noise notch depth of 9 dB HL) in many workers, 
suggest that HL prevention efforts are warranted among this group. Additionally, subject report 
and researcher observations indicated that these workers never use hearing protection devices, 
though use of other protective equipment (e.g., boots, gloves, and thick aprons for activities with 
Pb-acid batteries) was reported and observed. Overall, there was interest in many workers for 
future studies as they understood the hazardous nature of their work.  
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At Agbogbloshie, e-waste recycling work is conducted outdoors, and workers never wear hearing 
protection. We observed that the workspace for e-waste recycling workers is often communal, and 
many non-work-related activities are integrated with work, including social activities. This poses 
the challenge of effectively separating occupational and non-occupational noise exposures and 
reinforces the notion that exposures assessment for these workers cannot simply focus on 
traditional occupational activities. Our noise exposure assessment on these workers, which 
spanned a period of up to 24-hours, suggests that a holistic approach that integrates exposures from 
occupational and non-occupational activities is critical to understand the risk of NIHL among these 
workers, as exposures during non-occupational periods were similar to, and in some cases 
exceeded, occupational exposures. 
Community noise control for Accra, Ghana should be a priority given these findings. The 
Agbogbloshie market contained traffic, loud music, as well as worker-related noise. The Ghana 
Environmental Protection Agency (EPA) has been taking action regarding noise pollution by 
holding a workshop [279] and setting day and night standards by types of activities taking place 
in an area [280]. Ghana also has noise standards for energy sector employers requiring use of 
hearing protection over 85 dB [281]. However, given the informal nature of work at Agbogbloshie 
Market, the diffuse sources of noise in the community, and other pressing public health needs such 
as sanitation, implementing noise control will be challenging. 
While the lack of formal employment arrangements eliminates the potential for an organized, 
employer-sponsored HL prevention program (HLPP), it is still possible for governmental or non-
governmental organizations (NGOs) to provide support to protect workers’ hearing. The most 
basic and evident need for workers is training on occupational health hazards, including noise and 
metals, as well as their associated potential health impacts. Inexpensive hearing protection devices 
could also be distributed to the workers, though it should be noted that the likelihood of sustainable 
provision of hearing protectors to the workforce is extremely small due to economic and logistic 
challenges, and that such an effort would be largely useless in the absence of concurrent training. 
Support could also take the form of expert guidance on methods for e-waste recycling that create 
the least noise possible; this approach may have the added benefit of reducing exposures to metals, 
dust, and other occupational hazards. Finally, a concerted effort could be made to enroll workers 
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in the Ghanaian National Health Insurance scheme; this could provide workers with improved 
access to medical care, including otolaryngological care. 
In addition to noise exposure and HL, we have documented exposures to a number of toxic metals, 
along with several essential metals, among the studied e-waste workers. Average levels of blood 
Pb in participants (mean = 9.72 µg/dL Pb) were observed to be eight times the US adult average. 
The average levels of blood Pb in participants were below the OSHA criterion for occupational 
medical removal at 40µg/dL. However, two participants (3%) had blood Pb levels higher than the 
more protective ACGIH BEI (30 µg/dL). Average blood Cd was over seven times higher in our 
sample than the average in US nonsmoking adults (mean = 2.98 ppb Cd). The highest blood Cd 
levels measured in participants were four times greater than that OSHA criterion of 5 µg/L. The 
two participants with the highest Cd levels lived far from Agbogbloshie. Both participants were 
married and lived with their spouse in a rented room, and both had levels of Cd which five to ten 
times higher than all other participants. The cause of these elevated exposures is unknown, but it 
is possible they reflect additional, unrecognized local sources of Cd contamination in Accra.  
The average blood Mn level in our participants (12.6µg/L, SD=4.2) was higher than the reported 
average manganese concentration in blood in healthy adults in the US (9µg/L, range from 4-
15µg/L) [282]. South African manganese smelter workers with a mean blood manganese level of 
12.5 µg/L (SD 5.6) showed significantly worse performance in neurobehavioral tests than workers 
with lower exposures [283]. Blood Mn alone does not constitute an adequate indicator of 
overexposure to Mn. Nevertheless, our participants may be at risk of health effects as a result of 
high blood Mn levels.  
The average concentration of blood Se in our participants was 163.6 µg/L (range 72.6-319.3 µg/L), 
which is higher than the average level for all ages and both sexes of US population (124.8 µg/L) 
[284]. This level is also comparable to the average levels observed in other populations in Canada, 
China, Greece, Italy, Finland, New Zealand and Germany, ranging from 59 µg/L to 206 µg/L 
(SD=6~37) [285–294]. However, the blood Se concentrations in our participants had higher 
maximum and lower minimum levels [289–291,295] than those observed in other populations, 
which may reflect dietary variability or insecurity. Both Se overexposure and deficiency are 
associated with adverse health effects [296,297].  
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Arsenic (As) is cleared rapidly from blood, and As blood levels therefore indicate only very recent 
exposures. The average blood arsenic level in our participants was higher than typical values 
observed in non-exposed individuals (<1µg/L) [298–300] indicating that dietary or drinking water 
exposures are likely. High levels of As in water and food have been observed in Ghana in the past 
[301–303]. Conversely, their blood MeHg levels were within a normal range of healthy adults 
(<10 µg/L, toxic threshold >50µg/L). [276]. 
The average levels for essential metals Cu, Zn, and Fe were similar to the reported average levels 
in non-exposed individuals [304–306]. However, individuals with higher levels of these metals 
may be at risk of some health effects [304]. Iron deficiency has been linked with HL in adults 
[234]; however the effect of high levels of iron on hearing outcomes is not established. 
Our finding of a significant interaction related to noise exposures and blood zinc levels has not 
previously been shown in the literature. Zinc levels in blood are related to immediate dietary intake 
[307,308] and deficits have been shown to be associated with hearing problems [309]. Multivariate 
models using IQR-adjusted and centered data in this study showed that higher levels of zinc was 
protective when predicting auditory thresholds at 4 kHz and 6 kHz; however the interaction 
between zinc and noise was positive and significant indicating that zinc may be protective against 
noise, but at high noise levels zinc is no longer able to protect against auditory threshold decline. 
In models predicting the noise notch depth, increasing levels of zinc were associated with deeper 
noise notches, or worse hearing and the interaction term was no longer significant. While findings 
were somewhat contradictory, the number of models showing significance for zinc and maximum 
noise exposures demonstrate that this relationship warrants further explorations in future study. 
While we have demonstrated the potential for high noise exposures among e-waste workers and 
have documented exposures to metals in these workers, it is possible that there are additional, 
unmeasured metals or other chemicals that may have contributed to these findings through 
confounding or effect modification. It is also possible that there was an interaction between noise 
exposures and concentrations of some metals, or that there was a relationship between income or 
some work activities and these exposures that we could not account for. While we explored our 
dataset to look for such relationships, we were unable to identify any. Blood levels of metals were 
not as high among these workers as initially expected, and it may be that ototoxic effects of metals 
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are not present at the exposure levels encountered. Further research is needed to further explore 
the unexpected results of our study and possible unexpected negative effects of nutrient metals on 
the hearing system. 
Given the paucity of studies on this vulnerable occupational group, it is difficult to compare our 
findings to those of other researchers. Previous literature has examined surface dust samples and 
determined extremely high hazard quotients at the Agbogbloshie waste recycling site for Pb and 
Cu, with levels of great concern to child health [27]. Cd and Zn also displayed concerning hazard 
quotients while Fe, Mn, chromium, and nickel were not of concern [27]. Our study found high 
blood values of Pb, Cd, and Cu in some participating adults supporting this study’s assertion of 
high levels of health risks due to Pb and Cd, especially concerning where children may be present 
on site. High levels of Zn and Cu were found in our study participants as well, highlighting the 
need to further explore these metals as contaminant concerns. 
While recent literature has not explored metals in the blood of e-waste workers, one study 
examined levels of numerous trace elements in their urine [26]. This study found high levels of As 
which was not found to be due to drinking water, but likely fish and shellfish sources [26]. Cd was 
not found to be elevated in worker urine, however Fe, antimony, and Pb were after adjusting for 
age [26]. While our study did not examine antimony, we also found evidence to support concerning 
elevated Fe and Pb in blood samples. Asante et al. did not examine how the levels found may 
influence health outcomes of workers as we have done [26].  
 
Limitations 
Our study had a number of limitations. The first and primary limitation was the small sample size, 
which may limit the generalizability of our results. However, given the relatively homogeneity 
observed among e-waste recycling activities across Agbogbloshie, and the fact that this site is one 
of, if not the, largest e-waste recycling sites in the world, even in the absence of generalizability 
our study results still have great utility. A second limitation pertains to the audiometric test results 
that form the primary outcome of the study. Conditions at the Ghana Post Clinic were not optimal 
for audiometric testing, which ideally would have been conducted in a sound-dampened 
audiometric test booth. As a result, it is possible that some of the hearing thresholds measured 
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among our workers were artificially elevated by masking due to background noise, particularly in 
the low frequencies (e.g., <1000 Hz). Our use of insert-type earplugs and attenuating audiometric 
earcups reduced background noise at participants’ ears, but we cannot be certain that the 
attenuation achieved was sufficient to overcome masking effects. A third limitation resulted from 
insufficient detail collected from a number of workers at the completion of their noise dosimetry. 
This limited our ability to conduct task-specific noise exposure assessment, which might have 
provided useful information regarding activities that generated the highest noise levels. Our survey 
design, along with the delivery of the survey to the participants, represents a fourth limitation. We 
relied on self-reported information by participants and given their strict religious practices, there 
may have been some misreporting resulting in misclassifications. Translation provided by the 
translators hired for this study may have been inconsistent, resulting in misclassification and errors 
in participants’ survey results. Also, some survey items were consistently omitted by one 
translator, reducing the amount of valid data obtained from participants he interviewed.  
Our final limitation relates to the site itself. Agbogbloshie Market is one of the most polluted areas 
in the world [310], and there are many potential but unmeasured environmental contaminants other 
than metals and noise (e.g., organic and inorganic chemical compounds, bacteria and viruses, etc.) 
that may contribute to or even dominate the risk of certain otological conditions (e.g., otitis media, 
mumps, etc.) that could have impacted our measured health outcome even in the absence of 
exposures to metals and noise. Our participant selection may have biased our sample towards those 
with health concerns, as access to the local clinic and consultation with a doctor would not 
otherwise have been possible for most or all of our participants. When asked of concerns not 
addressed in the survey, 22 participants listed individual health concerns. This indicates that nearly 
half of our sample was interested in gaining access to free health care. To avoid coercion, our 
participant incentive was not higher than an average daily wage on the site.  
 
Conclusions 
Our study has demonstrated that e-waste recycling workers at Agbogbloshie face substantial 
occupational health issues, including high exposures to noise and metals. These exposures appear 
to be associated with an increased risk of HL among these workers and indicate that HL prevention 
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and metal exposure reduction efforts are needed among these workers as part of an overall effort 
to decrease occupational hazards and improve health outcomes among e-waste recycling workers. 
The relationship between metals and HL is still unclear and further study is needed. Further 
occupational hazard assessments are warranted among vulnerable e-waste workers in low-income 
countries such as Ghana, as exposures among these workers are likely to grow worse over time 
with the expected increase in e-waste generation. However, research is also needed on e-waste 
recycling workers in high-income countries like the US, where business organizations are quite 
different and best practices may be developed and evaluated for potential subsequent transfer to 
lower-income countries. Only by understanding the exposures associated with this important work 
in multiple contexts can we improve occupational health conditions for e-waste workers.  
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IV.F: Tables 
Table IV-1. Demographic information (N=58 e-waste recycling workers) 
Variable    Mean   SD 
Age (years)  25.9  7.9 
Estimated age (16/58 = 28%)  23.1  4.8 
BMI (kg/m2)  22.8  2.3 
Years living near Agbogbloshie  6  4.2 
Years worked on e-waste*  6.2  4.2 
Years worked in loud noise  6.1  4.2 
Typical hours worked per day*  10.7  2.9      
 Variable/Category   n   % 
Estimated (rather than known) age  16  28 
Self-reported hearing difficulties   15  26 
Sleep at Agbogbloshie  41  71 
Muslim  56  97 
Daily income (US dollar estimation^)     
≤ GHS 10 (~US $3)  22  38 
GHS 11-20 (~US $3-6)  18  31 
GHS 21-30 (~US $6-9)  7  12 
GHS 31-40 (~US $9-12)  4  7 
> GHS 40 (~US $12)  7  12 
Marital status      
Separated or divorced  3  5 
Married, living with spouse  22  38 
Married, not living together  11  19 
Single  22  38 
Highest level of education     
None  31  53 
Primary school  11  19 
Middle school  12  21 
Secondary school  4  7 
Moved to Agbogbloshie from**     
Northern Ghana  42  78 
Southern Ghana  9  17 
Other   2   4 
*N=55; **N=54; ^exchange rate based on 12/31/2014 US $1=3.22 GHS 
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Table IV-2. Daily noise measurement data (N=56 e-waste recycling workers)* 
 
Period/Variable N Mean SD Minimum Maximum 
Overall      
Duration (hrs) 56 19.1 4.87 4.1 23.5 
LEQ (dBA) 56 82.5 3.84 74.4 90.0 
Lmax (dBA) 56 97.0 4.15 87.5 110.0 
Occupational period      
Duration (hrs) 17 1.3 2.61 0.5 13.4 
LEQ (dBA) 17 85.6 3.52 78.6 90.2 
Lmax (dBA) 17 94.3 4.53 85.7 102.5 
Non-occupational period      
Duration (hrs) 56 18.6 5.98 4.1 23.5 
LEQ (dBA) 56 81.6 4.35 70.3 90.0 
Lmax (dBA) 56 96.0 4.98 80.0 110.0 
        
 
Very 
often  
Fairly 
often  Sometimes  
Never & 
almost never 
 N %  N %  N %  N % 
Self-reported frequency 
of noise exposure at 
work (N=58) 
49 84.5 
 
1 1.7 
 
6 10.3 
 
2 3.4 
*2 of 58 total participants did not complete a noise dosimetry measurement 
 
 
 
Table IV-3. Occupational characteristics (N=58 e-waste recycling workers) 
          Yes 
Variable/category N   n   % 
Activities performed in past six months*  Ash  57  32  56 
 Burn  55  40  73 
 Collect  55  41  75 
 Dismantle 57  49  86 
 Lead Batteries 57  27  47 
 Sort  57  48  84 
 Smelt  56  21  38 
 Repair  57  20  35 
 Remove wire (not by burning) 57  43  75        
Primary e-waste activity (N=58)  Collecting   10  17  Dealing   12  21  Dismantling   28  48 
  Other     8   14 
*N=57; one participant was not asked any of these questions 
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Table IV-4. Element levels (ppb or μg/L) in whole blood (N=58 e-waste recycling workers) 
 
Metal Mean SD IQR Minimum Maximum 
Toxic Metals      
     Arsenic (As) 4.63 2.73 4.05 0.75 12.08 
     Cadmium (Cd) 2.97 3.03 1.11 0.92 22.74 
     Lead (Pb) 97.2 57.8 59.2 29.9 326.1 
     Manganese (Mn) 12.6 4.2 4.5 6.5 24.6 
     Methylmercury (MeHg) 1.8 1.4 1.4 0.5 6.4 
Essential Elements      
     Copper (Cu) 1061 716 201 566 6164 
     Iron (Fe)* 440161 62824 66710 253078 573369 
     Selenium (Se) 163.6 48.5 55.2 72.6 319.3 
     Zinc (Zn) 5539 1965 1193 2392 16255 
*N=57; one sample Fe level not reported by lab 
 
Table IV-5. Audiometric hearing thresholds (N=57 e-waste recycling workers)*  
  Hearing threshold level (dB HL) 
Ear/frequency Mean SD Minimum Maximum 
Right      
500 25 11 10 65 
1000** 19 10 0 55 
2000 18 12 0 55 
3000 19 13 0 60 
4000 23 16 0 90 
6000 26 20 5 90 
8000 22 17 0 90 
Left     
500 23 13 5 60 
1000** 16 9 0 50 
2000 15 11 0 60 
3000 17 15 0 75 
4000 19 19 0 90 
6000 27 18 5 90 
8000 20 18 0 75      
Worst threshold 40 18 20 90 
Right side 35 17 15 90 
Left side 34 18 10 90 
*One participant did not complete audiometric testing due to an inability to wear the testing headphones  
**Two measurements were taken, however only the second reading is reported here 
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Table IV-6. Noise notch results for individual frequencies and notch indices (N=55 e-waste 
recycling workers*) 
VARIABLE/category n % 
Presence of noise notch   
None 20 40 
Both right and left ears 16 32 
Right ear only 10 20 
Left ear only 9 18 
Right ear notch   
At 3 kHz 7 13 
At 4 kHz 10 18 
At 6 kHz 15 27 
Left ear notch   
At 3 kHz 7 13 
At 4 kHz 11 20 
At 6 kHz 17 31 
   
Notch index Mean (dB) SD (dB) 
NNA -3.3 9.9 
NNB -3.8 9.6 
NNC -4.9 9.1 
NND -9 10.3 
*Noise notch analysis was not run on 2 of the 57 participants with complete threshold data. One of the 
two eliminated participants was due to age, the other due to profound deafness on the right side. 
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Table IV-7. Regression models predicting hearing outcomes in e-waste recycling workers (N=55) 
    Model Before Interaction Term   Model Including Interaction Term 
Model/Variable 
 
Adj. 
R2 
p-
value Coef. SE 
p-
value  
Adj. 
R2 
p-
value Coef. SE 
p-
value 
Model 1: Outcome of 4 kHz hearing threshold level* 
 
0.28 6E-4 
    
0.39 1E-4 
   
Intercept 
   
17.34 2.23 5E-10 
   
15.64 2.15 5E-9 
Cadmium (Cd)†^ (µg/L) 
   
-3.79 1.66 0.03 
   
-2.63 1.64 0.1 
Manganese (Mn)†^ (µg/L) 
   
6.15 2.49 0.02 
   
4.85 2.46 0.05 
Number of times eat meat^ (per week) 
   
0.93 0.30 0.003 
   
0.75 0.29 0.01 
Years living at Agbogbloshie^ (years) 
   
1.37 0.52 0.01 
   
1.63 0.49 0.002 
Lmax^ (dBA) 
   
- - - 
   
-0.64 0.62 0.3 
Zinc (Zn)†^ (µg/L) 
   
- - - 
   
-2.80 1.70 0.1 
Interaction term: Lmax*Zn†^ 
 
    - - - 
 
    0.87 0.26 0.001 
Model 2: Outcome of 6 kHz hearing threshold level* 
 
0.24 0.002 
    
0.39 1E-4 
   
Intercept 
   
24.55 2.01 0.1 
   
22.98 1.89 1E-15 
Copper (Cu)†^ (µg/L) 
   
2.14 2.11 0.3 
   
4.04 2.04 0.05 
Selenium (Se)†^ (µg/L) 
   
6.43 2.60 0.02 
   
6.46 2.43 0.01 
Years living at Agbogbloshie^ (years) 
   
1.14 0.47 0.02 
   
1.49 0.44 0.002 
Work activity diversity^ (range from 0 to 1) 
   
13.62 10.89 0.22 
   
7.51 10.13 0.5 
Lmax^ (dBA) 
   
- - - 
   
-0.71 0.56 0.2 
Zn†^ (µg/L) 
   
- - - 
   
-2.91 1.64 0.08 
Interaction term: Lmax*Zn†^ 
 
    - - - 
 
    0.90 0.24 6E-4 
Model 3: Outcome of notch index NND** 
 
0.17 0.03 
    
0.21 0.02 
   
Intercept  
   
24.97 2.12 3E-15 
   
24.14 2.10 1E-14 
Zn†^ (µg/L) 
   
0.30 1.66 0.86 
   
-1.61 1.90 0.4 
Arsenic (As)†^ (µg/L) 
   
-3.05 3.15 0.3 
   
-1.26 3.20 0.7 
Se†^ (µg/L) 
   
7.73 2.55 0.004 
   
7.83 2.48 0.003 
Lmax* (dBA) 
   
1.09 0.92 0.2 
   
-0.04 1.07 0.9 
Overall LEQ^ (dBA) 
   
-0.92 0.95 0.3 
   
-0.10 1.02 0.9 
Work activity diversity^ (range from 0 to 1) 
   
21.61 11.94 0.08 
   
16.26 11.93 0.2 
Age^ 
   
0.65 0.34 0.06 
   
0.62 0.33 0.07 
Interaction term: Lmax*Zn†^       - - -       0.55 0.29 0.06 
* Positive coefficients indicate worse hearing; ** Negative coefficients indicate worse hearing; † IQR adjusted – As: 4.0 µg/L; Cd: 1.0 µg/L; Cu: 206 
µg/L; Mn: 4.4 µg/L; Se: 55 µg/L; Zn: 982 µg/L; ^Variables are mean-centered after adjusting for IQR. 
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IV.G: Figures 
Figure IV-1. Individual noise exposures (N=56) with splined average shown in black for e-
waste recycling workers 
 
 
Figure IV-2. Audiometric hearing thresholds for e-waste recycling workers (N=57) 
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CHAPTER V:  Conclusions 
V.A: Introduction 
In both environmental as well as occupational exposure settings, the likelihood of being exposed 
to toxic metals is high. Whether these metals are lead (Pb), mercury (Hg), or cadmium (Cd), the 
potential for nervous system damage is unambiguous. What is unclear is how to measure damage 
before overt toxicity is irreversible. The potential for metals to impact the auditory system creates 
a unique and sensitive measure of nervous system damage. Hearing losses (HLs) caused by metals 
could be a useful indicator of hazardous environments and monitoring auditory health would not 
only improve future health of populations, but also could provide early flags demonstrating areas 
where exposures to metals is necessary to improve overall health when consistently measured 
across the lifetime.  
Exploration of HL caused by metals is challenging for many reasons, including the need to 
determine an appropriate exposure metal biometric (blood or bone) in addition to establishing a 
suitable auditory outcome. Understanding the specific life-stages of vulnerability and dose ranges 
resulting in negative impacts is critical. Conducting toxicological and epidemiological 
investigations to demonstrate ototoxicity in both laboratory and real-world settings strengthens the 
field of ototoxicity research, as each type of study informs and complements the other. This 
dissertation investigated the ototoxicity of Pb and other metals, the hazard of noise exposure, and 
the potential otoprotection offered by essential elements. It also directly addressed real‐world, 
developmental exposure to toxicant‐toxicant mixtures and nutrient‐toxicant mixtures, both of 
which are important to public health. The three studies comprise work that was done in 
investigation of Pb ototoxicity in various life stages, exposure settings, and both humans and 
animals, as shown in Figure V-1. Methodologically, the Mouse Model provided a controlled 
setting where low and high doses of metals could be experimentally explored in mice, and allowed 
for evaluation of causality. The Michigander Newborn study and the E-waste Worker study each 
provide critical information about real-life exposure levels to metals associated with detrimental 
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auditory outcomes occurring among humans. The Michigander Newborn study focused on a period 
of exposure (neonatal) where there has been great vulnerability to various developing systems in 
the fetus, while the E-waste Worker study assessed a vulnerable adult population in a developing 
nation.  
Worldwide, Pb exposures pose a health risk to an estimated 22 million people [311]. Hg exposures 
are similarly prevalent, with 19 million people potentially at risk [311]. Cd is not as well-
researched globally, but is of concern at levels, which are low, but seem to be increasing in 
agricultural settings [312]. Pb, Hg, and Cd are toxic metals which are all used in batteries and 
consumer electronics. Production, recycling, and disposal of these items have potential to release 
the toxic metals into the environment. While localized pollution results from environmental 
releases, atmospheric deposition distributes these hazardous metals making them pervasive 
globally [24,313]. These three non-essential metals are persistent pollutants which remain in the 
environment; when these metals are taken up by plants and animals, they bioaccumulate [314]. 
Given the wide use and reach of these toxic metals, their detrimental health effects on hearing must 
be better understood. 
 
V.B: Impact of HL  
Loss of hearing has a profound impact on human health and quality of life, and is associated with 
a wide variety of adverse social, psychological, educational, and occupational outcomes [1]. HL 
is the leading work-related injury in the United States [315]. While blame is typically placed on 
noise exposure, other sources contribute [316], potentially including metals. To develop the best 
HL prevention strategies, we must explore the relationship between metals exposure and HL as 
well as how factors such as nutrition, noise, and exposure mixtures may exacerbate detrimental 
hearing effects. HL due to these factors should be largely preventable, especially in controllable 
occupational settings.  
The preservation of auditory health is important for people of all ages. In workers, normal hearing 
is associated with improved response to emergency alerts, productivity, and less social isolation 
[317,318]. In children, HL can produce additional struggles with education and employment [257]. 
Auditory health is often ignored until the damage is severe and irreversible [260,319]. Auditory 
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rehabilitation with hearing aids can be complicated, expensive, and may not restore normal hearing 
if patients wait too long to address their hearing problems. Many patients with HL become socially 
isolated and have depression and cognitive impairment [320]. However, those successfully using 
hearing aids show a normal decline in cognition [321]. Not only can the individual with HL suffer 
negative outcomes, but they are often not aware of the impact on co-workers and family members 
as a result of communication challenges. While even mild HL is of concern, HL in children is 
particularly concerning given their vulnerability and the impacts of HL on intellectual 
development. Even mild losses in children are associated with poorer speech perception and 
significantly lowered means on basic skills tests [173]. Other groups are also vulnerable, including 
people in developing nations. For example, in Africa, over 37 million people have moderate to 
complete HL, and typically have no access to behavioral rehabilitation and technological aids  [2]. 
Even more concerning is the estimation from the World Health Organization that 50% of current 
HL cases were originally preventable [108]. This implies that modifications in local environments, 
such as lowering noise levels, can have a profound effect on millions of people.  
 
The specific aims, key findings, strengths, and limitations of each of the three studies are 
summarized separately below in V.C, V.D, and V.E. Conclusions following the findings of these 
three studies taken together are discussed in V.F. Directions for future studies are summarized in 
V.G. A final section discusses the importance of preventing HL and policy directions in V.H. 
 
V.C: Project 1: Mouse Model 
Specific aims 
Specific Aims for the Mouse Model included 1) evaluation of the dose-response relationships for 
Pb and Cd individually on the outcomes of threshold shift and outer hair cell loss and 2) evaluation 
of toxicant-toxicant interactions, exploring possible potentiation on hearing outcomes through 
combinations of exposures to Pb and Cd; Pb and noise; Cd and noise; and Pb, Cd, and noise. 
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Key findings 
Dose-response relationships between Pb, Cd, and HL were assessed in the CBA/CaJ young adult 
mouse over a twelve-week treatment period. No effective dose was found as no significant 
threshold shifts in mice exposed to Pb or Cd were noted, so the highest dosing group for each 
metal, most resembling occupational exposures in humans, was selected for combination 
treatments. Noise was found to significantly increase mouse Auditory Brainstem Response (ABR) 
thresholds at the mid and high treatment groups. In order to avoid threshold shifts that might be 
too large and prevent visible differences from being observable in combinations of treatments, the 
mid-range dose of noise was selected for combination treatments. Threshold shifts following noise 
exposures were not significantly different in groups with combinations of exposures compared to 
the group exposed to noise alone. Thus, no potentiation was observed between Pb and noise or Cd 
and noise. Pb and Cd in combination did not show ABR threshold differences from the control 
group, indicating no metal-metal toxic interactions affecting the auditory system. Distortion 
Product Otoacoustic Emissions (DPOAE) showed similar results to ABR in combination groups. 
Cochlear outer hair cell counts did not show significantly different numbers of dead cells than 
control for animals treated with Pb or Cd. This indicated that either cochlear outer hair cells are 
not the cellular target most effected by Pb or Cd treatment, or that the dose administered was not 
at sufficient to produce a toxic response.  
 
Comparisons to past studies 
The hypothesized synergism between Pb and noise, similar to that established for styrene and noise 
[322], was not observed. A study conducted very recently in young adult mice of a different strain, 
C57BL/6, found evidence of potentiation between Pb and noise [323].This study used only six 
mice and dosed a level of Pb that was slightly lower (2 mM instead of 3 mM) than my work. 
Previous studies on Pb damaging hearing had only been done in monkeys, guinea pigs, and rats 
[53,159,324]. However, these studies reflect different dosing regimens and species. No previous 
studies investigated Pb levels in the cochlea, though previous studies have documented Pb in fish 
and eel otoliths [325,326]. Cd effects on ABR were also not in agreement with a previous study, 
though this study used higher doses of Cd over a shorter time and a different strain of mouse [78].  
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Strengths 
This study offered controlled laboratory experimental conditions where dosing and all outside 
exposures were highly controlled. Dosing of Pb and Cd reached relevant levels comparable to 
human occupational exposures above the US OSHA permissible exposure limits. Noise exposures 
were a key positive control in the study design confirming that the model produced damage to 
hearing visible as auditory brainstem response threshold shifts, DPOAE shifts, and cochlear basal 
outer hair cell loss. Blood serum levels, pathology, and histology documented in this experiment 
confirmed that the levels of Pb and Cd did not cause systemic toxicity to either the liver or the 
kidney. Exposure levels were well documented in multiple organ tissues: blood, tibia, femur, and 
cochlear bone with adjacent tissues. This was the first study to demonstrate increased Pb levels in 
cochlear tissue in a mammalian model. 
 
Limitations 
Of the three studies in this dissertation, the mouse model provided the strongest evidence against 
Pb ototoxicity; however, the findings of this study require restraint in application. Firstly, through 
utilization of a mouse strain that was robustly resistant to ear infections, this model may have used 
a strain that does not represent a more vulnerable population’s susceptibility to Pb ototoxicity. 
Pigmented animals have been found to be more robust in their hearing after noise exposure [327]. 
The CBA/CaJ as an inbred mouse strain can lead to difficulties in mirroring the genetic variability 
of humans, especially for sensitive individuals [328]. Secondly, the timeframe of this study utilized 
a reproductively mature mouse, and this may not be the lifecycle timepoint of highest vulnerability. 
Age-related HL exacerbations were not examined and neither were developmental effects. Thirdly, 
further dosing or exposures to all types of toxicants (Pb, Cd, and noise) may be required to display 
ototoxic characteristics that would be biologically and statistically significant in this model. 
Budget and time constraints prevented this model from being expanded for ototoxicity exploration 
for this dissertation. 
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Knowledge added  
The Mouse Model created within this dissertation generated knowledge that in this specific 
exposure scenario and in this strain of mouse, CBA/CaJ at the timepoint from 5 weeks to 17 weeks, 
there is no evidence that Pb exposure through drinking water caused lowered average auditory 
thresholds or cochlear hair cells loss. When combined with noise exposures, cadmium exposures, 
and both noise and cadmium exposures there was no indication of an effect that was significantly 
different from noise. Cadmium doses were significantly decreased when included with Pb 
exposures, however no negatives outcomes in thresholds or ABR were observed. Noise exposures 
given in this exposure setting were found to significantly decrease thresholds and controls 
maintained their hearing threshold levels across the twelve-week experiment. 
 
Needs identified  
Further studies in industrial mixture toxicology are needed to elucidate the possible outcomes of 
HL in relation to combinations of chemical and noise exposures. These settings that are ubiquitous 
in occupational settings for human workers are neglected in toxicology work. Development of 
combinations of physical hazards in combinations with chemical hazards leaves many 
opportunities. There also needs to be further study on hearing health of mice and specific strains 
as inbred strains may not fully capture the full variability of human hearing health. Laboratory 
toxicology studies on mixtures in mice have many strengths that can clarify exposures and 
outcomes where they are cloudy in epidemiological studies. However, work done in animals must 
also show relevance to the settings of everyday human life. 
 
V.D:  Project 2: Prenatal Human Exposures  
Specific aims 
Specific Aims for the Prenatal Human Exposure study included 1) evaluation of the impact Pb and 
MeHg levels had individually on the odds of a newborn hearing screening failure as well as 
toxicant-toxicant interactions effects from both Pb and MeHg together and 2) investigation on the 
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impact of essential elements and interactions with the toxic metals (Pb and MeHg) on hearing 
screening failures in newborns. 
 
Key findings 
Dried blood spots from infants collected within 48 hours of birth showed levels of MeHg with a 
significant hazardous effect on hearing screening outcomes. MeHg levels produced a significant 
trend across quartiles as well as a significant increased odds of hearing screening failure in the 
highest quartile compared to the lowest quartile in the prenatal human exposure study. Quantitative 
logistic models produced with MeHg levels alone showed borderline-significant results. However, 
this study did not produce evidence of Pb ototoxicity. The odds ratios of those with higher-ranked 
Pb levels were not significantly different across any quartiles or in any quantitative logistic 
regression models. Toxicant-toxicant interactions between Pb and MeHg were also not significant. 
While the original hypothesis was not confirmed, this study did yield an interesting side finding 
related to levels of calcium in newborns. Increasing levels of blood calcium were singly, and in all 
models including the combined dataset from both Set 1, with 100 cases and controls from 2003-
2008, and Set 2, from 2003-2015 with 238 cases and controls, significantly protective against a 
hearing screening failure. This observation was seen in both bilateral and unilateral hearing 
screening failures, both males and females, in only white races (not black or other), and in Set 2 
(not Set 1). Logistic regression models for potassium and iron became significant with calcium 
included in the model; in these models, however, higher levels of iron or potassium increases the 
odds of a hearing screening failure. When these logistic models were reduced to include only 
bilateral HLs, both potassium and iron no longer were significant predictors. A significant 
interaction between zinc and selenium was also documented on odds of hearing screening 
outcome. 
 
Comparisons to past studies 
Previous studies have shown methylmercury to have ototoxicant properties in developing mice 
[83]. However, this was not shown by a study investigating hearing in human children at eight to 
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ten years of age with Hg values taken from umbilical cord blood [204]. Blood Pb level (BLL) 
effects on the developing auditory system have never been investigated before in humans, though 
adolescents have shown associations with worse high-frequency hearing and with BLLs over 2 
μg/dL [56]. Also, exposures to Pb throughout gestations have proven to alter auditory processing 
in mice [17,18]. No previous study investigated simultaneously levels of toxicant metals alongside 
essential elements as they influence hearing in adults or newborn infants. Zinc and selenium 
interactions have been observed [245], though not in a relationship to auditory function. 
 
Strengths 
This study included an extremely large sample size of almost 700 infants obtained by combining 
data from two sets of similar data. This data set was not only large, but also contained cases of 
hearing screening failures who went on for further audiometric testing and were confirmed to have 
abnormal hearing. There is no known reason for Pb or MeHg to lead to a hearing problem only on 
one side of the body, so this study followed the results of the bilateral hearing participants as those 
hypothesized to possibly demonstrate hearing difficulties brought on by toxicant metal(s) evenly 
distributed across coronal and sagittal planes. Initial and subsequent hearing tests indicated failures 
of individual ears, so the analyses were able to stratify across bilateral and unilateral losses to 
assess sensitivity of analyses.  
 
Limitations 
The premise of this study utilizes a single metric, or bloodspot, taken shortly after birth, along with 
a hearing screening, that may or may not have included follow up auditory testing. These two data 
points may not fully capture variabilities in exposures over pregnancy or the windows of 
heightened vulnerability in auditory performance or development of the complete hearing system. 
There were limitations in the ability of this study to address multiple causes of HL. One of the 
major causes of HL in young children is infection with cytomegalovirus. This communicable 
disease seems to lead to unilateral HL following initial infection [329]. The leading causes of HL 
for infants and children are genetic and this study was unable to account for this specific origin of 
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HL. While we were able to exclude infants who spent time in the NICU, we were not able to 
control for other possible damaging noise exposures; for example, certain hospital locations have 
been found to have potentially harmful levels of noise [330].  
While this study applied new methodologies for using dried blood spots in assessing levels of 
MeHg [197], it was unable to develop sufficiently accurate metrics of the levels of blood Pb to 
substantiate useful models. Utilizing Pb levels in quartiles for these spots was helpful but 
determining accurate, individual-level quantitative measures reflective of those known to occur in 
populations could have produced stronger and more easily interpretable statistical results. As levels 
of blood Pb are dropping in the US, the trend for technological advance in dried blood spot analysis 
may reach a point where the level of blood Pb is nearing the level of detection for average 
observable levels in the US. 
 
Knowledge added  
The Prenatal Human Exposure study generated knowledge on utility of newborn bloodspots as 
exposure metrics in early exposure life-cycle studies. Not only were toxicant metal levels explored 
and quantified, but also essential metal levels were observed to be well within detectable limits. 
This study design provides a unique approach to investigating mixture epidemiology. It also 
captured a unique cohort in a case-control study design that can be useful in predicting other health 
outcomes examined in newborns or young children. It is possible that screening for essential 
elements in the blood, such as calcium, could be used as early indicators of health issues. 
 
Needs identified  
Levels of essential elements in normal newborn blood are not well-established and need further 
study and documentation. Assessing levels of essential elements in blood of patients with 
syndromic hearing disorders could assist future epidemiologic studies in the possibility of 
excluding these types of hearing disorders from environmental causes of HL. Further study in early 
human life to establish toxicant exposures in a representative sample across all stages of pregnancy 
is also warranted to establish whether assuming the level of MeHg and Pb from newborn blood 
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spots is a reasonable representation of exposures during earlier stages of fetal development. 
Establishing developmental exposures to toxicant metals during the most vulnerable stages of 
cochlear development is necessary before mechanisms of action upon the auditory system can be 
fully understood, and before it can be determined if toxicant metal exposures are damaging to the 
cochlea, specific components of the nervous system processing auditory stimuli, or general 
neuronal development. Specifying an optimal timeframe (or timeframes) for identifying auditory 
problems would also be of assistance in identifying best practices for epidemiological 
investigations into childhood environmental exposures and HL, as subclinical abnormalities in 
hearing may not be detected until much later in childhood. 
 
V.E: Project 3: Occupational Human Exposures  
Specific aims 
Specific Aims for the Occupational Human Exposure study included: 1) evaluation of the impact 
of Pb, Cd, Mn, As and MeHg levels, as well as noise exposures, on the audiometric status of e-
waste workers, and: 2) investigation of the impacts of combinations of toxic metals, essential 
elements, as well as noise exposures on hearing outcomes, considering possible synergism, 
additivity, potentiation, and antagonism. 
 
Key findings 
The Occupational Human Exposure study is important as it has documented exposures and health 
outcomes in an understudied population of Ghanaian e-waste workers. This study selected 
participants from an occupation with a wide variety of exposures and quantified many of them 
through biomarkers, personal exposure monitors, and extensive logs and surveys of participant 
history and activities. The major finding of the analyses is that in this population of young (average 
age of 26) e-waste worker some degree of noise notch, indicating noise-induced HL, was found in 
60% of participants. This high prevalence of injury to the hearing system is alarming in this 
population. Personal dosimetry of this population confirms that average noise exposures both 
during occupational and non-occupational time periods were above the WHO 70 dBA LEQ or 
 105 
continuous average exposure level. Noise exposure levels averaged over 3.75 minutes and 
recorded on the dosimeters exceeded over 110 dBA in some cases, which is alarming for 
participants that are without hearing protection in such extremely loud environments. Ten of fifty-
five maximum readings were over 100 dB. For reference, NIOSH recommends exposures at 100 
dB not to exceed 15 minutes, exposures of 97 dB not to exceed 30 minutes, and exposures of 94 
dB not exceed 60 minutes (due to the logarithmic scale of dB, a doubling of sound intensity occurs 
with every increase of 3 dB). The average occupational exposure exceeded the NIOSH 85 dBA 
Recommended Exposure Limit for 8-hours, as well, indicating substantial occupational exposures 
at the work-shift level. Many occupationally-related noise exposures onsite were generated by 
impacts, such as hammering and chiseling, and the hearing hazard presented by such exposures 
may not be accurately captured by average exposure levels. 
Models did not indicate significance of blood Pb, Hg, or Cd levels as predictors of lowered 
thresholds at 6 kHz frequencies or depth of a noise notch. However, models did consistently 
indicate levels of higher selenium were significantly and adversely associated with worse hearing 
outcomes. The higher the work diversity score metric for participants, or the more tasks that they 
reported working on in the past three months, the more likely they were to have HL. This was 
significant in the final model indicating the size of the noise notch, but while it improved the 
significance of the overall final model predicting thresholds at 6 kHz, the individual predictor did 
not reach significance. The metric of years lived at Agbogbloshie was a significant predictor of 
high frequency HL and years working in high noise was a significant predictor of increased size 
of noise notches. A significant correlation was discovered between average noise exposure levels 
and the amount of copper in whole blood. This association may be indicative that workers who are 
more exposed to metals (particularly copper) may also be more exposed to noise. 
 
Comparisons to past studies 
Comparisons to previous studies are challenging for this novel work on occupational health done 
in an emerging setting. Noise in markets of Accra has been documented as concerning before this 
study alongside documented noise-induced HL  [331]. Noise exposures for artisanal gold miners 
in Ghana has also been shown to be concerning [332]. Quarry workers in Ghana are also subject 
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to hearing problems due to damaging levels of noise [333]. Metals exposures have been 
documented as high in e-waste recycling sites [27,334]. These effects on hearing and interactions 
with essential elements on noise-induced HL have not previously been investigated in this type of 
work setting. 
 
Strengths 
The strengths of this study include the multiple variables that were documented in this population 
of transient workers living and working in a landfill in Accra, Ghana. This vulnerable minority 
population is difficult to collect data from as they are doing work that is illegal by the standards of 
the nation of Ghana. Gaining access to this community was only done through community 
involvement from the University of Ghana, translators, and immense planning and commitment 
from data collectors [335].  
Participants completed a detailed survey regarding their health, injuries, stress, work, and 
demographics. Biomarkers for metals were collected, a hearing screening was conducted, a 
medical examination took place, and personal noise exposures were measured for 24 hours 
following the clinic visit. This comprises a broad range of health data on individuals rarely 
participating in health studies. This study found that many workers dismantling e-waste do work 
on a wide number of tasks. By developing the work diversity score, the metric of the number of 
tasks the have performed in the past three months out of nine known tasks, this study was able to 
quantify the diversity of their work activities. Our documentation of the structure of the workers’ 
occupational lives and understanding how the tasks of their work are performed can inform future 
studies on e-waste work and this study was the first to discuss how occupational structures at 
Agbogbloshie are extremely different from those traditionally studied in occupational 
epidemiology [335].  
 
Limitations 
While many measures of hazardous as well as essential exposures—predominately metals—were 
collected by this investigational work, there were many other hazardous aspects involved in the 
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waste processing that our study did not take into account: brominated flame retardants, polyvinyl 
chloride, phthalates, as well as particulate matter and other air pollutants [336]. Other toxic metals 
were not included in this analysis, but occur in concerning levels in electronic products including, 
but not limited to: hexavalent chromium, beryllium, cobalt, indium, and lithium [336]. Due to 
constraints on time and resources this study was designed as a cross-sectional study collecting 
health metrics and exposure data at the same time. Bone metrics of Pb are more indicative of life-
time exposures, but technology is still in development to collect this type of data in the field. Blood 
Pb biomarkers show more recent Pb exposures, which are most powerful in regression models 
only if exposures are consistent over time. While it can be assumed that these workers are exposed 
to varying levels of Pb based on the items they are processing, in the absence of data on variability 
in exposures, these analyses assumed that their exposures were consistent.  
The sample size of participants who were recruited was near capacity for the time-frame of our 
data collection. However, given the large numbers of variables for this data set, having a smaller 
number of individuals limits the power of this analysis. This study was also limited by our narrow 
range of participant recruitment which occurred during a holiday, Easter, for ease of using the 
clinic space for our study. This could be problematic, particularly for biomarkers and noise 
dosimetry, if during this holiday period workers were not engaging in normal tasks, or normal 
amounts of tasks as they usually practice. Indeed, the city of Accra experienced many celebrations 
occurring from Friday through Monday in observance of Easter. These celebrations may have 
heightened noise levels in the city, however our population was predominantly Muslim and did 
not observe Easter. One other problematic finding is that many of the metals correlate significantly 
with each other. Therefore, identifying which heightened metal might be centrally responsible, if 
indeed that is the case, was not possible.  
 
Knowledge added  
The Occupational Human Exposure study generated knowledge on work-life exposures among 
electronic waste workers in Agbogbloshie, Ghana. This study also established biological doses for 
the metals they are exposed to via diet, environment, and occupationally. The levels of noise in 
the market area of Agbogbloshie and on the waste site were documented to be concerningly high. 
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There were health concerns within our cohort as many had not been seen by a physician within 
their lifetime. These health concerns were magnified by the finding of a majority showing signs 
of noise-induced HL. This study design has shown the possibilities of exploring hearing health in 
a transient and at-risk population alongside appropriate collaborations and respect for community 
members. These workers showed a high potential for occupational mixtures to hazards of many 
types, but certainly physical and chemical. An interaction between noise levels and zinc 
demonstrated that while zinc may offer some protection against noise on hearing, eventually at 
heightened noise levels, zinc is no longer protective. 
 
Needs identified  
This study established levels of metal exposures not explored before in an open work setting where 
industrial exposures may be altered because of a lack of a built-environment or ventilation systems. 
Further study in human occupational environments is warranted, not only in electronic waste 
workers, but also international populations of factory workers with simultaneous metals and noise 
exposures over a significant period of their lives. Further prolonged studies need to monitor worker 
health over an extended amount of time to assess associations between these types of exposure 
mixtures and age-related HL as well as noise-induced HL. While immediate hearing effects may 
not occur, hazardous exposure mixtures may accelerate vulnerabilities in a more aged population 
not represented by these data.  
More extensive noise monitoring at a personal level is necessary to characterize both occupational 
and non-occupational exposures. One day of noise measurements was not enough to characterize 
differences related to e-waste tasks or individual work patterns within this small cohort. Much 
more research is justified to explore the hazardous conditions related to e-waste occupations. 
Though, the hazards are real. These workers have already proven living situations that deserve 
better protection of their health without further data needing to be supplied to provide intervention. 
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V.F: Overarching ototoxicity observations: From toxicology to epidemiology 
This original and ambitious dissertation combines multiple approaches to examine the questions 
of metal exposure association and influence on auditory performance in a variety of settings 
including both environmental and occupational exposures. Not only were single exposures 
investigated, but the combinations and interactions between these elements were also modeled to 
explore the possibility of antagonism and synergism. The dissertation considered results from a 
toxicological animal study, an epidemiological state-wide neonatal case-control study, and a cross-
sectional occupational exposure assessment. Compelling findings for these three chapters are 
shown together in Figure V-2. The aspects of ototoxicity, otoprotection, and hazard interaction as 
addressed by these three studies are summarized below. 
 
Pb and HL 
While these three studies have produced clear evidence that Pb ototoxicity may not be a major 
concern at the levels seen in US occupational workers, in young men in Ghana, or infants in 
Michigan, the results do not eliminate the possibility that Pb may damage the auditory system in 
ways not explored by these studies. 
The Mouse Model described the strongest results against Pb ototoxicity. No evidence suggesting 
the ability for exposures in an adult male mouse exposed to Pb in drinking water over twelve weeks 
was found. This experimental setting controlled all variables in the experiment, manipulating only 
noise exposures, Pb exposures, and Cd exposures. While these results are robust, the group sizes 
of 6-16 mice may not have been of appropriate size to detect very low risk levels. Also, the 
CBA/CaJ strain of mice is resistant to age-related HL and robust against ear infections, so this 
strain may not be representative of more vulnerable population sub-types most vulnerable to 
damage related to Pb in the auditory system as. However, when taken together with results from 
the Prenatal Human Exposures study and Occupational Human Exposures study where ototoxic 
effects due to Pb exposures were not identified as significantly associated with negative auditory 
outcomes. In combination, these findings provide convincing evidence that Pb doses observed in 
current populations may not independently be contributing significantly to hearing impairment. 
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Cd and HL 
The Mouse Model also established a lack of evidence for Cd exposures leading to threshold 
increases or cochlear hair cell loss. However, these analyses of Cd ototoxicity were confounded 
by high levels of noise, and our statistical power was limited due to the small sample size. Taken 
together, these results provide evidence that Cd exposures occurring in occupational environments 
for young male workers do not independently contribute to HL.  
The Prenatal Human exposures study originally was designed to included levels of Cd within the 
dried blood spot analysis, however levels were not detectable in the biometric, so this analysis was 
unable to be completed. 
 
Hg and HL 
The Prenatal Human Exposures study indicated that heightened levels of MeHg naturally or 
anthropogenically occurring currently in the state of Michigan may be hazardous to the auditory 
system of newborn humans. These significant findings were displayed in the highest quartile of 
MeHg exposures. When broken down into quartiles, MeHg also displayed a significant association 
with HL.  
While MeHg was not explored in the Mouse Model, it was explored in the Occupational Human 
Exposures study, where there were no significant findings associating blood levels of MeHg with 
auditory thresholds at 4 kHz, 6 kHz, or noise notched. Taken together, these findings may signal 
that MeHg is most potent as an ototoxicant during development. 
 
Metals in combination and HL 
The combination of Pb and Cd exposures in the Mouse Model did not indicate any evidence of 
potentiation between the combination of Pb and Cd on auditory threshold shifts. Mice treated with 
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both Pb and Cd concomitantly displayed hearing thresholds in the normal range and no different 
than control mice.  
The Prenatal Human Exposures study investigated Pb and MeHg levels for interaction associated 
with hearing screening failures. No interactions between these two neurotoxic metals were 
observed in this cohort. However, this study design established the possibility of pursuing further 
toxicant metal interactions on health outcomes from newborn dried blood spots. 
A wide variety of toxicant metals were examined in the Occupational Human Exposures study. 
Combinations of arsenic, Pb, Cd, manganese, and MeHg were explored in multivariate regression 
models examining both noise notch and hearing threshold outcomes across frequencies from 0.5 
kHz to 8 kHz. No significant interactions between these metals were observed.  
 
Metals combined with noise and HL 
In the Occupational Human Exposures study, interactions between BLL and noise (both maximum 
non-occupational and maximum overall) exposures were found to have a significant impact on 
hearing thresholds at 6 kHz, though this significance must not be overstated due to the large 
numbers of interactions explored. This finding was not corroborated by results from the mouse 
study as mice exposed to both Pb and noise did not show significantly different thresholds than 
mice exposed to noise alone.  
The Mouse Model also did not establish any potentiation following the combination of Cd and 
noise exposures. All three toxicants, Pb, Cd, and noise simultaneously also did not show any 
suggestion of potentiation. This finding agreed with data from the Occupational Health study 
where no toxicant metals in any type of interaction were found to significantly influence either the 
depth of noise notch or the level of auditory thresholds at 4 kHz or 6 kHz. 
 
Essential elements and HL 
The unique study design of exploring levels of essential elements in blood and these associations 
with auditory outcomes has never been explored before in newborns or e-waste workers. This 
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study feature identified significant findings in both Michigander newborns and Ghanaian young 
adult men.  
Newborns with higher levels of calcium were found to have significantly lower odds of hearing 
screening failure. This finding may signify that infants born with lower levels of calcium in their 
blood have systemic disorders that are not properly regulating their calcium homeostasis. This 
finding associated with auditory dysfunction is curious and deserves future exploration and study. 
The Prenatal Human Exposures study also found a significant interaction between zinc and 
selenium. In multivariate models zinc and selenium were each significantly protective; however, 
the significant interaction between zinc and selenium showed heightened levels of zinc and 
selenium together increased risk for a hearing screening failure. This may be indicating toxic 
outcomes due to hormesis, or it may be indicating that extremely high levels of these essential 
elements are together indicators of syndromes linked to hearing disorders. 
Another significant interaction discovered was between whole blood levels of zinc and noise in 
the Human Occupational Exposures study. This interaction was significant across a variety of 
auditory outcomes, such as thresholds at 4 kHz and 6 kHz. Interpreting this interaction shows that 
zinc had a protective effect against lower-level noise exposures. However, at heightened maximum 
noise levels, zinc was no longer protective. Since this cohort was not able to take auditory testing 
after a break from their work, their auditory thresholds may indicate temporary, rather than 
permanent, threshold shifts. This finding deserves further exploration and research in other 
occupational populations at risk for both temporary and permanent thresholds. 
 
V.G: Future study directions 
These three studies illustrate how important consideration of mixed exposures (or co-exposures) 
– both chemical-chemical and chemical-physical – is for environmental health research. There is 
a need for further research exploring our understanding of mechanisms by which damage related 
to exposure mixtures (as they occur in the real world) [337]. Multipollutant scenarios with multiple 
sources of health hazards are representative of typical real-world exposures. Environment-wide 
association studies are emerging as tools for identifying environmental components of complex 
 113 
diseases and this dissertation captures this idea focused on metals, essential elements, and noise 
[338,339]. Future work can expand this concept into other environmental factors associated with 
hearing health in a larger dataset such as NHANES. 
In the hearing system, hidden HL (e.g., cochlear synaptopathy, or subclinical damage that may 
impact peoples’ hearing health trajectory) is an important and recently-identified aspect of hearing 
outcomes [340]. Additional work evaluating such losses can be done in humans and in animals, as 
was the case here, and will involve different measures of HL than were employed in the current 
studies.  
Toxicologically, further experiments using the mouse model developed and established in the 
Mouse Model study are needed to work with different levels of metals (e.g., Hg or As). 
Developmental exposures followed by a lifetime of noise exposure may simulate human exposures 
that occur in Michigan or the families of e-waste workers living at Agbogbloshie, and identifying 
thresholds above which harm is likely to occur. Protective interactions on the hearing system, such 
as those discovered between selenium and zinc the Prenatal Human Exposures study can also be 
explored with more control in animals than in humans. 
The Prenatal Human Exposures study in this dissertation appears to be the first to report results of 
developmental MeHg exposures on the auditory system. This study can be replicated in other 
populations where newborn bloodspots are well curated, for example California. MeHg in hair of 
the mother is also a potential metric to establish exposure levels at different vulnerable timepoints 
in fetal development, as the second trimester has been shown to be a high risk time for the fetus 
[341]. Further methodological development of Pb exposure assessment is needed to maximize the 
utility of blood spots as exposure metrics. Increased use of dried blood spots to measure exposures 
can allow assessment in populations without means to safely collect or store blood via phlebotomy. 
Metrics exploring nutritional status are needed to create an understanding of maternal, child, and 
adult health. This project explored using bloodspot-derived levels of iron, potassium, calcium, 
zinc, and selenium to indicate the dietary intake of these nutrients as predictors of hearing health; 
however calcium and iron are kept in tight homeostatic levels, and better nutritional biomarkers 
are needed. Perhaps a combination of several nutritional markers in blood could be quantified by 
one metric to indicate dietary vulnerability. It is possible that the early-stage exposures we assessed 
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may not be clinically relevant until later life; further follow-up on this cohort is warranted. The 
degree to which genetic disorders and hearing issues were correlated with high calcium levels in 
infants also warrants further exploration. Additionally, eliminating genetic-related cases of HL 
from this sample, which we were unable to do, should be considered in future work. 
The Occupational Human Exposures study described an opportunistic epidemiological study 
which is not repeatable. This study explored occupational exposures in a vulnerable population 
within a developing nation and highlighted the need for better access to hearing health care and 
screening for other risk factors related to HL in Ghana. There also is a strong need there for 
community as well as occupational noise limits, protection, and monitoring. Due to many 
challenges involved in researching this type of community, there is a need for alternative exposure 
metrics and use of real-world pollution media in laboratory experiments. Examples of  this type of 
research are the converted semi-truck trailer which collects air from Detroit to expose mice for 
experimental outcomes [342] and soil sample collection for exposure to mice exploring toxicity 
for residents of Love Canal [343]. Additional research is needed on characterizing occupational 
exposures to informal workers, as well. The work activity diversity, or WorkD, metric developed 
in the Human Occupational Exposures study signified multiple jobs done by workers and was 
associated with HL. Work tasks could be monitored much more thoroughly to produce a better 
investigation on the levels of noise associated specifically with each task involved in this work.  
Another important issue to acknowledge with regards to the Human Occupational Exposures study 
is the difficulty of the situation for the informal e-waste workers evaluated, which cannot be 
overstated. These workers can be mistrustful of researchers based on their participation in past 
studies that have documented a range of concerns but resulted in no improvements to their 
conditions. In April 2014 when the data for the Human Occupational Exposures study were 
collected, workers at the site were collaborating with the GreenCross (part of the Blacksmith 
Institute, now called PureEarth) on projects to minimize harm to e-waste workers. The Blacksmith 
Institute celebrated a wire stripper installation in October 2014 and a shedding machine was 
planned for installation in July 2015 [344]. However, these efforts, too, failed to improve 
conditions at the site, as the wire stripper was often inoperable due to lack of electricity, and was 
not liked by workers, as it was viewed as slower and less efficient than burning wires. The extreme 
vulnerability of the workers at Agbogbloshie was highlighted when in the summer of 2015 the 
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population was removed from their dwellings and their workspaces and other structures on the site 
demolished by bulldozers hired by a quasi-governmental organization in Accra, demonstrating the 
impermanence and lack of voice that this population suffers [345,346].  
 
V.H: Prevention of HL  
Preventing HL through exposure reduction interventions for metals in the environment and 
workplace, either through behavioral modifications or environmental remediation, requires a full 
understanding of ototoxic effects and interacting factors. The lack of a demonstrated causal 
pathway between exposure to Pb, Hg, and/or Cd and an individual’s degree of HL, as well as the 
absence of characterized dose-response relationships, limit our ability to estimate the impact of 
exposure to these metals on hearing health. More research is required to elucidate the impacts of 
metal exposures on the auditory system, and to explore potential interventions to improve hearing 
health among exposed individuals, particularly in vulnerable populations.  
Collectively, these findings indicate that Hg, and potentially Pb and Cd, may contribute to HL 
under certain circumstances. Further research is needed to assess prenatal and occupational 
exposures and age-related changes in hearing to understand the role that Pb and other metals play 
in protection and injury to auditory function. The results of this and future studies may help guide 
future policies such as the US Centers for Disease Control and Prevention BLL guideline or the 
regulation of workplace noise by the Occupational Safety and Health Administration for workers 
exposed to noise, Pb, and/or Cd. 
Workers may be subjected to high levels of occupational metal exposures and concomitantly 
experience high noise levels that can result or exacerbate HL. Regulation of exposures to Pb and 
other toxic metals, combined with the control and supervision of occupationally-related noise 
exposures, can improve occupational health. Pregnant families and children are another group with 
vulnerabilities that would benefit from policies that reduce and warn of sources for hazardous 
levels of exposures to Pb and other metals. During the analysis and writing of this dissertation, the 
level of concerning BLLs was lowered by the US Centers for Disease Control and Prevention from 
10 μg/dL to 5 μg/dL [151]; however, no safe exposure level to Pb has been established as 
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acceptable. Public health experts can go further with better research to protect communities and 
improve health policies. 
Elucidating negative health outcomes related to one toxicant in a laboratory setting is complicated 
enough. However, within the real world and its challenging jumbles of exposures, prioritizing and 
categorizing hazards is vastly more difficult. These three studies have attempted to capture some 
of the complexities of the real world, including exposures to toxicants, essential elements, and the 
physical hazard, noise. While reproducing real-world environmental health impacts in their 
entirety may be unattainable, innovative methodological approaches can replicate the crucial 
components, focusing efforts to improve quality of life. This dissertation has demonstrated that 
research on ototoxicity can push scientific frontiers in the areas of mixture toxicology and exposure 
assessment while evaluating impacts of environmental hazards on hearing.  
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V.I: Figures  
Figure V-1. Diagram showing methodological variables explored by the three studies of this 
dissertation 
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Figure V-2. Diagram summarizing positive findings from this dissertation 
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APPENDIX: Survey for Ghanaian e-waste workers  
 
Nutrition, Metals, and Hearing Loss Among E-waste Workers in Accra, Ghana 
2014 Survey 
 
Survey no. ______     
 
GPS Waypoint No. ______     Interview Time Start:  _ _:_ _ am / pm 
LAT: ________________________    
LONG: _______________________   Interview Time End:   _ _:_ _ am / pm 
 
 
Interviewer Name(s) _______________________   
 
Interpreter Name(s)  _______________________   
 
Interview Date:  Day: ____________  Month: ____________  Year: ______________ 
 
Language:   ¨1 Twi  ¨2  English  ¨777  Other: ____________________ 
 
Country of Origin: ______________________ 
 
 
Part 1: INSTRUCTIONS TO INTERVIEWER 
 
777= Other     999 =Refused to answer 
888 = Don’t Know     789= Skipped/ Not Available 
 
Part 2: SAMPLES COLLECTED 
1=Yes; 2=No; 3=Refused 
Krystin=KC, Mozhgon=MR, Rachel=RL, Stephanie=SS, Rick=RN 
 
ID 
Number 
Full 
Name 
Su
rvey 
Dosi
metry 
He
aring 
Test 
B
lood 
U
rine 
H
eart 
Rate 
S
aliva 
 
 
        
Compensation (cedis) 
 
2 1 2 2 1 1 1 
Compensation given? 
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Part 3: DEMOGRAPHICS  
Now I will ask you some questions about yourself. 
 
Full name of interviewee:  
1. Given: _____________________________   
 
2. Surname: __________________________   
 
3. Other/Christian/nicknames: ___________________________________   
 
4. Sex: ¨1  Female  ¨2  Male [GO TO 7] 
 
5. Are you pregnant now? 
¨789  N/A   ¨1 Yes  ¨2 No  ¨888 Don't know 
 
6. Have you breastfed in the last sixth months? 
¨789  N/A   ¨1 Yes  ¨2 No  ¨888 Don't know 
 
7. What was your age at your last birthday? ________ years (Estimated ¨1) 
 
8. Do you live within 1 km of Agbogbloshie?   ¨1  Yes  ¨2  No 
 
9. How long have you been living here? __________ years _________months 
 
10. Just before you lived here, where did you live?  _____________________________ 
 
11. Where do you sleep?  ¨1 Self Rented Room  ¨2Friend’s Rented Room  
¨3 Kiosk/Shop   ¨4 Open space   ¨5 Other: __________________________ 
 
12. What is your daily income?  ¨1 <GHS10   ¨2 GHS11-20  
¨3 GHS21-30    ¨4 GHS31-40    ¨5   >GHS 40 
 
13. To which of the following religious groups do you belong?  
¨0 No religion    ¨1 Catholic Christian    ¨2 Protestant Christian  
¨3 Muslim    ¨4 Traditional     ¨5 Other _____________ 
 
14. What is your marital status? 
¨789 N/A     ¨1 Single   ¨2 Married   ¨3 Divorced    ¨4 Widowed   ¨5 Separated 
 
15. What is the highest level of school you attended: primary, middle/JSS, 
secondary/SSS, or higher? 
¨789 N/A      ¨0 None      ¨1 Primary      ¨2 Middle/JSS      ¨3 Secondary/SSS     ¨4 Higher 
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Part 4: SOCIOECONOMIC 
Now I will ask you some questions about your life. 
 
16. How often do you walk barefooted?  
¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
17. How often do you sleep under a bed net?  
¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
18. How often do you wash your hands before eating?  
¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
19. How often do you wash your hands after defecation?  
¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
20. How often do you wash your hands with soap?  
¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
Part 5. WORK HISTORY 
Now I will ask you some questions about your work history. 
 
21. Are you currently working?  ¨1  Yes  ¨2 No [GO TO 25] 
  
22. If yes, what is your current job(s)?_________ __________________________________________ 
 
23. Of these, which is your primary job? _________________________________________________ 
 
Note to surveyor- please check appropriate job categories below: 
¨1 Petty Trading/Hawking  ¨2 Electronic Repairer 
¨3 Food Vendor   ¨4 Artisan (Mason/Carpenter/Electrician/Plumber) 
¨5 Scrap Dealer   ¨6 Mechanic/Vulcanizer 
¨7 Shop owner/ Retailer  ¨8 Market Trades 
¨9 Shop Attendant   ¨10 Cart Pusher/Potter 
¨11 Recycling Activities  ¨12 Taxi/Minibus/Truck Driver 
¨777 Other    ¨13 Factory/industry worker 
 
24. For how long have you worked at your primary job? _____ months _______ years 
 
25. What were you doing most of the past 12 months: working at a job or business, retired, 
keeping house, going to school, or something else? 
¨1  working at a job or business ¨2  looking for work ¨3  retired ¨4 keeping house  
¨5  going to school or full time studying  ¨6 other, please specify: 
_________________________ 
 
26. In your lifetime, how many total years have you worked in the following jobs? 
¨4 Artisan (Mason/Carpenter/Electrician/Plumber- years: ____________ 
¨5 Scrap Dealer- years: ____________    
¨6 Mechanic/Vulcanizer- years: ____________ 
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¨12 Taxi/Minibus/Truck Driver - years: ____________ 
¨13 Factory/industry worker - years: ____________ 
 
Part 6. OCCUPATIONAL - E-WASTE TASKS 
Now I will ask you about tasks related to electronic waste. 
 
27. Have you ever been involved in electronic waste activities?  ¨1  Yes  ¨2 No [SKIP to 38] 
Have you ever worked... 
 
28. Repairing electronic waste? ¨1  Yes  ¨2 No [GO TO 29] 
How many years have you/did you do this work? ______years   ¨789 NA [GO TO   
Have you done this work in the last 6 months? ¨1  Yes  ¨2 No [GO TO 29] 
How long ago did you stop? ______years ¨789 NA 
 
29. Collecting electronic waste? ¨1  Yes  ¨2 No [GO TO 30] 
How many years have you/did you do this work? ______years  ¨789 NA [GO TO   
Have you done this work in the last 6 months? ¨1  Yes  ¨2 No [GO TO 30] 
How long ago did you stop? ______years ¨789 NA 
 
30. Sorting electronic waste? ¨1  Yes  ¨2 No [GO TO 31 
How many years have you/did you do this work? ______years  ¨789 NA [GO TO   
Have you done this work in the last 6 months? ¨1  Yes  ¨2 No [GO TO 31] 
How long ago did you stop? ______years ¨789 NA 
 
31. Removing covering of wires? ¨1  Yes  ¨2 No [GO TO 32] 
How many years have you/did you do this work? ______years  ¨789 NA [GO TO   
Have you done this work in the last 6 months? ¨1  Yes  ¨2 No [GO TO 32] 
How long ago did you stop? ______years ¨789 NA 
 
32. Dismantling electronic equipment? ¨1  Yes  ¨2 No [GO TO 33] 
How many years have you/did you do this work? ______years  ¨789 NA [GO TO   
Have you done this work in the last 6 months? ¨1  Yes  ¨2 No [GO TO 3] 
How long ago did you stop? ______years ¨789 NA 
 
33. Burning activities ? ¨1  Yes  ¨2 No [GO TO 34] 
How many years have you/did you do this work? ______years  ¨789 NA [GO TO   
Have you done this work in the last 6 months? ¨1  Yes  ¨2 No [GO TO 34] 
How long ago did you stop? ______years ¨789 NA 
 
34. Ash/wire collection after burning? ¨1  Yes  ¨2 No [GO TO 35] 
How many years have you/did you do this work? ______years  ¨789 NA [GO TO   
Have you done this work in the last 6 months? ¨1  Yes  ¨2 No [GO TO 35] 
How long ago did you stop? ______years ¨789 NA 
 
35.  Lead smelting ? ¨1  Yes  ¨2 No [GO TO 36] 
How many years have you/did you do this work? ______years  ¨789 NA [GO TO   
Have you done this work in the last 6 months? ¨1  Yes  ¨2 No [GO TO 36] 
How long ago did you stop? ______years ¨789 NA 
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36. In the past three months, which activity have you primarily conducted (check ONE only)? 
¨1 Repairing electronic waste 
¨2 Collecting electronic waste 
¨3 Sorting  electronic waste 
¨4 Removing covering of wires 
¨5 Dismantling Electronic Equipment  
¨6 Burning Activities 
¨7  Ash/wire collection after burning 
¨8  Lead Smelting 
¨777  Other, please specify: _________________________ 
 
37. In your lifetime, how many total years have you worked at this or other e-waste sites? ________ 
 
Part 7: HEALTH STATUS 
Now I will ask you some questions about your health. 
 
38. Would you say your health in general is: 
¨1  Excellent  ¨2  Very good  ¨3  Good  ¨4  Fair  ¨5  Poor 
 
39. Are you limited in the kind or amount of work you can do because of any impairment or 
health problem? 
¨1  Yes ¨2  No 
 
If yes, what is that impairment or health problem? 
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________ 
 
40. How often have you had skin rashes over the past two weeks? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
41. How often have you had itching around your anus over the past two weeks? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
42. How often have you had a headache over the past two weeks? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
43. How often have you had an episode of stomach ache over the past two weeks? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
44. How often have you seen blood in your urine over the past two weeks? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
45. How often have you seen blood in your stool over the past two weeks? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
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46. How often have you had a cough over the last two weeks? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
 
 
47. How often have you experienced shortness of breath or difficulty in breathing over the last two 
weeks? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
48. How often have you experienced dizziness over the last two weeks? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
49. How often have you felt your heart beating abnormally over the last two weeks? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
50. How often have you had diarrhea over past two weeks?  
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
51. How often have  in the last two weeks did you have fever? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
52. How often have in the last two weeks did you experience vomiting? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
53. Have you taken any treatment for worms over the last three months? 
¨1 Yes  ¨2 No  ¨888 Don't know  
 
54. Did you experience nausea over the last two weeks? 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
55. Have you experienced tremors in the past year? [Specifically, intention tremors of the fingers 
and hands, making handwriting difficult] 
¨1 Rarely or never   ¨2Occasionally       ¨3 Always or frequently            
 
56. Do you think you’ve lost weight recently?  [Do you think that your clothes are too large for you 
due to a loss of weight?] 
¨1 Yes  ¨2 No  ¨888 Don't know  
57. Did you seek treatment for any of these conditions?  
¨1 Yes  ¨2 No  ¨888 Don't know  
 
58. If yes where did you receive treatment for the most severe condition?  
¨1 Self Medication  ¨2 Traditional Healer   ¨3 Drug Store  
¨4 Clinic/Hospital   ¨777 Other______________________________ 
 
59. Have you ever been told by a doctor or health professional that you have any of the following 
medical conditions? 
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¨1  High Blood Pressure    ¨2 Diabetes Melitus  
¨3  Asthma      ¨4 Sickle cell disease   
¨789  N/A      ¨888 Don't know 
   
60. Are you on any medicine for any of these conditions? 
¨1  Yes  ¨2  No    ¨789  N/A ¨888 Don't know 
 
 
61. In the past month on the days when you drank, on average, how many drinks did you have?  
[A drink= 1 beer, 1 shot of liquor, 1 glass of wine, 2 glasses of palm wine, or 0.5 calabash of pito] 
____ Drinks   ¨888 Don’t Know  ¨0 Does not drink 
 
Part 8: TOBACCO USE 
Now I will ask you some questions about your smoking history. 
 
62. Have you smoked at least 100 cigarettes during your entire life (equivalent to about 5 packs)? 
¨1  Yes  ¨2  No ¨888 Don’t know 
 
63. Do you smoke cigarettes now? 
¨1  Yes   ¨2  No 
 
64. Are you often around people who smoke? 
¨1  Yes   ¨2  No 
 
 
Part 9: NOISE  & HEARING 
Now I am going to ask you questions about noise and hearing. The term "loud noise" here 
means loud enough that a person has to raise their voice to talk to someone at arm's length 
(about three feet away).  
 
65. How often are you exposed to loud noise at work? 
 ¨0 Never    ¨1 Almost never   ¨2  Sometimes   
 ¨3 Fairly often    ¨4 Very often   ¨888 Don’t Know   
 
66. How many years total have you worked in loud noise?  
 
________ years 
 
67. How much does loud noise bother or annoy you at work? 
 ¨1 Not at all      ¨2 A little ¨3 A great deal     
     
68. How often are you exposed to loud noise when you are NOT at work? 
 ¨0 Never    ¨1 Almost never   ¨2  Sometimes   
 ¨3 Fairly often    ¨4 Very often   ¨888 Don’t Know  
 
69. How much does loud noise bother or annoy you at night? 
 ¨1 Not at all     ¨2 A little ¨3  A great deal     
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70. How often does noise around your home affect how well you sleep at night? 
¨0 Never  ¨1 Almost never  ¨2  Sometimes   ¨3 Fairly often  ¨4 Very often 
 
71. Do you have difficulties with your hearing? 
¨1  Yes   ¨2  No SKIP to 75 
 
72. If yes, how long have you had difficulties with your hearing? 
 ¨1 Since birth ¨2 Since childhood    ¨3 Since adolescence ¨4 Since adulthood  
 
73. Have you ever been told by a healthcare professional that you have hearing loss or another 
hearing problem?   
 ¨1 Yes  ¨2 No 
 
74. How often do you hear ringing or whistling sounds in your ears after spending time in loud 
noise?   
¨0 Never  ¨1 Almost never  ¨2  Sometimes   ¨3 Fairly often  ¨4 Very often 
 
Part 10: OCCUPATIONAL INJURIES 
Now I am going to ask you about injuries at work.  
 
75. How many times have you been injured at work in the past 6 months?  
 
______________times  [IF 0, GO TO 86] 
 
76. How many of these injuries occurred while doing electronic waste in the past 6 months? 
 
______________injuries   
 
77. For your worst work injury at work in the past 6 months, what were you doing at the time of 
injury? 
[  ]1  Collecting electronic waste  [  ]2  Sorting  electronic waste   
[  ]3  Removing covering of wires   [  ]4  Dismantling Electronic Equipment    
[  ]5  Burning Activities    [  ]6 Ash/wire collection after burning        
[  ]7 Lead Smelting          [  ]777 Other _____________________________ 
 
78. For your worst injury at work in the past 6 months, what type of medical care did you receive? 
[  ]1 No medical care    [  ]2 Self administered first aid     
[  ]3 Treatment by herbalist   [  ]4 Treatment in a Chemical shop/Pharmacy  
[  ]5 Treatment at hospital/Clinic   [  ]6 Other:___________________ 
 
79. For your worst injury at work in the past 6 months, were you hospitalised? [  ]1 Yes   [  ]2No 
 
80. If Yes, for how long were you hospitalized_________________________ 
 
81. How much work did you miss due to your worst injury in the past 6 months? 
[  ]1 Did not miss any work and worked regular job  
[  ]2 Did not miss any work but could not do regular job    
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[  ]3 Missed work: _______________ days 
 
82. What was the cause of your worst injury at work in the past 6 months?   
[  ]1 Cut from a working tool(screw driver/Knife etc) 
[  ]2 Cut from a sharp object(other than a working tool) 
[  ]3 Bruise from a working tool  
[  ]4 Bruise from a sharp object(other than a working tool) 
[  ]5 Burns from fire or heat source 
[  ]6 Burns from a Chemical 
[  ]7 Crushed by a working tool/Implement 
[  ]8 Struck/Hit by a working tool/Implement 
[  ]9 Road traffic Related(Motor Bicycle, Motor Vehicle, Push Cart) 
[  ]10 Choking/Suffocation 
[  ]11 Slip/Trip/Fall 
[  ]12 Physical Assault 
[  ]13 Drowning 
[  ]14Other: _________________________________________ 
        [  ]888  Don’t Know 
 
83. What body part or parts were injured? (Check all that apply) 
[  ]1  Head  [  ]2  Eye(s)  [  ]3  Face  [  ]4  Mouth/teeth 
[  ]5  Neck  [  ]6  Shoulder  [  ]7  Arm  [  ]8  Hand 
[  ]9  Chest  [  ]10 Spine  [  ]11 Waist  [  ]12 Hip  
[  ]13 Thigh [  ]14 Knee  [  ]15 Lower leg  [  ]16 Ankle 
[  ]17 Foot  [  ]18 Abdomen   [  ]777 Other________________________________ 
 
84. What type of injury did you sustain? (Check all that apply) 
[  ]1 Contusions/abrasions  [  ]2 Burns/scalds   [  ]3 Concussions  
[  ]4 Cuts/lacerations  [  ]5 Punctured wounds   [  ]6 Amputations 
[  ]7 Dislocations   [  ]8 Fractures (simple/compound) [  ]9 Sprains/strains 
[  ]10 Asphyxiation   [  ]11 Internal bleeding   [  ]12 Electric shock 
[  ]777 Other_______________________________  
 
85. Prior to injury had you received any instructions/training on how to avoid injury while doing 
your work? 
[  ]1 Yes  [  ] 2 No  [  ]888 Don’t Know 
 
86. In your job, do you regularly wear safety clothing or equipment like gloves, boots, ear plugs or 
dust masks?  ¨1 Yes IF YES, SEE BELOW 
 ¨2 No IF NO GO TO 87 
Safety glasses, goggles, or other eye protection such as face shields?  ¨1  Yes  ¨2 No 
Rubber-soled boots or shoes?       ¨1  Yes  ¨2 No 
Gloves?          ¨1  Yes  ¨2 No 
Dust mask or respirator?       ¨1  Yes ¨2 No 
Long pants?         ¨1  Yes  ¨2 No 
Ear plugs or earmuffs to block sound?     ¨1  Yes  ¨2 No 
Hat?         ¨1  Yes  ¨2 No 
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Is there any other equipment or clothing that you use to protect your health and safety at work?  
 
_________________________________________________________________________________
_____________ 
   
Part 11: WATER & DIET 
Now I will ask you about your water sources and your diet. 
 
87. What is your primary water source for drinking and cooking? 
[  ]1 Bottled water  [  ]2 Sachet water  [  ]3 Out of a well  
[  ]4 Out of a pipe  [  ]777 Other 
 
88. How many meals do you eat in a week? ____________ meals 
 
89. In one week, how often do you eat meat? ___________  times 
 
Part 12: STRESSORS 
Now I will ask you about stress in your life. 
 
90. In the last month, how often have you been upset because of something that happened 
unexpectedly?  
[  ]0 Never  [  ]1 Almost never  [  ]2  Sometimes  [  ]3 Fairly often  [  ]4 Very often 
 
91. In the last month, how often have you felt that you were unable to control the important things 
in your life?  
[  ]0 Never  [  ]1 Almost never  [  ]2  Sometimes  [  ]3 Fairly often  [  ]4 Very often 
 
92. In the last month, how often have you felt nervous and "stressed"?  
[  ]0 Never  [  ]1 Almost never  [  ]2  Sometimes  [  ]3 Fairly often  [  ]4 Very often 
 
93. In the last month, how often have you felt confident about your ability to handle your personal 
problems?  
[  ]0 Never  [  ]1 Almost never  [  ]2  Sometimes  [  ]3 Fairly often  [  ]4 Very often 
 
94. In the last month, how often have you felt that things were going your way? 
 [  ]0 Never  [  ]1 Almost never  [  ]2  Sometimes  [  ]3 Fairly often  [  ]4 Very often 
 
95. In the last month, how often have you found that you could not cope with all the things that   
you had to do? 
 [  ]0 Never  [  ]1 Almost never  [  ]2  Sometimes  [  ]3 Fairly often  [  ]4 Very often 
 
96. In the last month, how often have you been able to control irritations in your life? 
 [  ]0 Never  [  ]1 Almost never  [  ]2  Sometimes  [  ]3 Fairly often  [  ]4 Very often 
 
97. In the last month, how often have you felt that you were on top of things? 
 [  ]0 Never  [  ]1 Almost never  [  ]2  Sometimes  [  ]3 Fairly often  [  ]4 Very often 
 
98. In the last month, how often have you been angered because of things that happened that were 
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outside of your control? 
[  ]0 Never  [  ]1 Almost never  [  ]2  Sometimes  [  ]3 Fairly often  [  ]4 Very often 
 
99. In the last month, how often have you felt difficulties were piling up so high that you could not 
overcome them? 
 [  ]0 Never  [  ]1 Almost never  [  ]2  Sometimes  [  ]3 Fairly often  [  ]4 Very often 
 
Part 13: RISK FACTORS OF WORK-RELATED STRESS 
 
Job demands and working conditions: 
100. How often do you feel exhausted after work?  
¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
101. How often are you exposed to unfavourable physical conditions in your work (for example, 
unfavourable climate, noise, chemicals, sharp or moving objects, slippery surfaces, constant 
repetitive work, heavy lifting or strenuous work) 
 ¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
102. How often does someone else decide your work methods, pace, and/or order?  
 ¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
103. How often do you feel you are not receiving support from your supervisor and/or 
colleagues?  
 ¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
104. How often do you experience violence or harassment at work?  
 ¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
105. How many hours do you work on a typical day? __________________ 
 
106. How often do you work evenings, nights, and/or weekends?  
 ¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
107. How often does your work interfere with your family responsibilities or leisure time 
activities? 
 ¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
108. How often do you feel your income is not sufficient to support yourself and your family?  
 ¨1 Rarely or never  ¨2Occasionally       ¨3 Always or frequently            
 
 
Part 14. OTHER INFORMATION 
 
Is there anything else you would like to say? 
 
If you answered Yes, please explain:  
